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Cover illustration: Images exemplify simultaneous PLIF measurements of CH/OH as well as 
CH/CH2O in a low-swirl stabilized CH4/air premixed flame (Φ=0.62, Re=20000). Thin reaction 
zone at the flame leading front as well as distributed reactions and local quenching at 
downstream locations can be identified from the instantaneous multi-scalar PLIF measurements. 
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1 Introduction 

The Division of Combustion Physics is since 1991 a separate division within the Department of 
Physics at the Faculty of Engineering (LTH) of Lund University. The scientific activities have a 
long tradition in developing and applying laser techniques for combustion diagnostics, and in the 
area of chemical kinetics. In 2005, there was a reduction of governmental support to energy 
research in general by a factor of two, which caused a major uncertainty of future support. 
Although this was changed after a year, this was contributing to the decision by two 
internationally recruited staff members to return to their home countries. This loss caused 
vacancies in the area of chemical kinetics and laser diagnostics. In the former case a new 
professorship was announced and we were very happy to be able to recruit Prof. Alexander 
Konnov to this position. The latter loss has been possible, at least partly, to cover by internal 
promotions where we during the last period have had four promotions to associate 
professorships (universitetslektor). 

All scientific activities at the Division are major parts of the Lund University Combustion 
Centre, LUCC, which is an interdisciplinary Centre within LTH, with the aim to create links 
between different disciplines in the area of combustion. Thanks to this Centre, the Division has 
during the last years been heavily involved in other large centres, e.g. the Centre of Competence 
in Combustion Processes (KCFP) as well as the National Graduate School in Combustion 
Science and Technology, CECOST.  

Thanks to Centre activities above it was decided by the University to set-up a new building 
located within the Department of Physics. This building, of about 2000 m2, was inaugurated in 
October 2001 and hosts, beside the Division of Combustion Physics, also  personnel from the 
Dept. of Energy Sciences, as well as Dept. of Fire and Safety Engineering. Besides the increase 
of number of people, an additional reason for the building was a grant to LUCC of 20 MSEK 
from DESS (Delegationen för Sydsveriges Energiförsörjning) for the construction of a burner with the 
possibility to study turbulent combustion phenomena at elevated pressure and preheated air. The 
burner has been commissioned and during the last years successful experiments have been 
carried out, mainly within the CECOST and TURBOKRAFT programs. In addition to the 
DESS facility and 12 laboratories more or less dedicated for laser developments and small scale 
combustion experiments, there are within the building also special laboratories for combustion 
engine studies as well as fire experiments managed by the Dept. of Energy Sciences and Dept. of 
Fire and Safety Engineering, respectively.  

During the last period, the main large program running at the Division has been in the 
framework of CECOST, KCFP and TURBOKRAFT, all partly financed by Swedish Energy 
Agency, and Industry. Also from the Strategic Foundation, SSF, and the VR Linneus grant 
within Lund Laser Centre, there have been important projects. A new large project initiated 
during the last period is an ERC Advanced Investigator Grant which was awarded to M. Aldén. 
Another initiative in the framework of soot has been initiated within the framework of the 
Pufendorf Institute where our Division is participating with studies of soot formation processes 
using laser techniques. 



Teaching and education is important for the Division. Thanks to the policy at the Department as 
well as good work of our staff members, we have a growing teaching activity and are able to 
convey unique research results in an area of large industrial and societal importance directly to 
the students. 
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2 General Information 

2.1 Staff 

The staff included the following members: 
 

Marcus Aldén, Professor, Head of Division 

Per-Erik Bengtsson, Professor 

Alexander Konnov, Professor 

Mehri Sanati, Professor emerita (140401-) 

 

Edward Berrocal, PhD, Ass prof 

Henrik Bladh, PhD, Ass prof 

Joakim Bood, PhD, Docent, Senior 
lecturer  

Christan Brackmann, PhD  

Mikkel Brydegaard, PhD, (130901-) 

Robert Collin, PhD  

Andreas Ehn, PhD, (130101-) 

Elna Heimdahl Nilsson, PhD, Ass Senior 
lecturer (141001-) 

Olof Johansson, PhD, (130601-130731) 

Jonathan Johnsson, PhD, (130401-130430) 

Peter Joo, PhD, (121101-141031) 

Elias Kristensson, PhD, (130101-) 

Andreas Lantz, PhD, (130101-140630) 

Zhongshan Li, PhD, Docent, Senior 
lecturer  

Sven-Inge Möller, PhD, Research 
administrative director  

Frederik Ossler, PhD, Docent, Senior 
lecturer 

Sven-Göran Pettersson, PhD, Senior 
lecturer (-120731) 

Mattias Richter, PhD, Docent, Senior 
lecturer 

Johan Zetterberg, PhD, Senior lecturer 
(141001-) 

 

Fahed Abou Nada, grad. stud. (120115-) 

Vladimir Alekseev, grad. stud  

Alexis Bohlin, grad. stud. (-120930) 

Moah Christensen, grad. stud.  

Andreas Ehn, grad. stud. (-121231) 

Jinlong Gao, grad. stud. (130915-) 

Dina Hot, grad. stud. (141101-) 

Jonathan Johnsson, grad. stud. (-130228) 

Malin Jonsson, grad. stud.  

Joakim Jönsoon, grad. stud.  

Billy Kaldvee, grad. stud. (-130630) 

Elias Kristensson, grad. stud. (-121231) 

Christoph Knappe, grad. stud. (-140630) 

Andreas Lantz, grad. stud. (-121231) 

Jim Larsson, grad. stud. (140714-) 

Kajsa Larsson, grad. stud. (120501-) 

Tomas Leffler, grad. stud. (Vattenfall) 

Bo Li, grad. stud. (-120831) 

Zheming Li, grad. stud. (120213-) 

Jesper Borggren, grad. stud. (120115-) 

Johannes Lindén, grad. stud. (-121231) 

Elin Malmqvist, grad. stud. (140301-) 

Yogeshwar Mishra, grad. stud. (121001-) 

Jenny Nauclér, grad. stud.  

Emil Nordström, grad. stud. 

Nils-Erik Olofsson, grad. stud.  

Per Petersson, grad. stud. (120301-) 

Anna Pettersson, grad. Stud. (FOI) 

Joakim Rosell, grad. stud.  

Anna-Lena Sahlberg, grad. stud. (110401-) 

Pär Samuelsson, grad. Stud. (131201-) 

Johan Simonsson, grad. stud. (131015-) 

Johan Sjöholm, grad. stud. (-120814) 

Arman Subash, grad. stud. (121015-) 

Zhiwei Sun, grad. stud. (-120731) 

Sandra Török, grad. stud. (140301-) 

Linda Vallenhag, grad. stud. (-140630) 

Zhenkan Wang, grad. stud. (130916-) 



Rikard Wellander, grad. stud. 

Ronald Whiddon, grad. stud. (-140531) 

Bo Zhou, grad. stud.  

Jianfeng Zhou, grad. stud. (140501-)  

Jiajian Zhu, grad. stud.  

 

Ali Hosseinnia, proj. ass. (141215-) 

Qiang Gao, proj.ass. (141001-) 

Dina Hot, proj.ass. (140901-141031) 

Joakim Jönsson, proj ass. (120201-121215) 

Kajsa Larsson, proj. ass. (120201-120430) 

Elin Malmqvist, proj. ass. (130601-140228) 

Kristin Pfeiffer, proj ass. (130301-130430) 

Johan Simonsson, proj. ass. (130501-
131014) 

Jianfeng Zhou, proj. ass. (130401-140430) 

 

Cecilia Bille, economist 

Eva Persson, secretary (-120229) 

Minna Ramkull, economist/research 
administrator 

 

Igor Buzuk, IT-technician (121105-) 

Rutger Lorensson, engineer 

 

Yong He, holder of a scholarship (-121031) 

Wubin Weng, holder of a scholarship 
(140210-) 

2.2 Visitors 

Edward Blurock 120101-121130 

Ismail Emre Mersin 120101-121130 

Louise Sileghem 130115-130314) 

Michele Marrocco LLC 120409-120429 

Etienne Robert 120322-120323 

Johannes Kiefer LLC 120424-120502, 
130620-130703 

Susanne Lind CECOST Networking 
120930-121012 

Mario Costa CECOST Networking 130214-
130302, 130721-130803 

Rita Joao Lopez, CECOST Networking 
130214-130302 

Alexander Lackner 130204-130215 

Patrick Nan 130204-130215 

Norbert Peters 130818-130823 

Henry Curran 130818-130823 

Maxim Bardin 130430-130531 

Manuel Pratas CECOST Networking 
130721-130803 

Thomas Mouton 130901-130914 

Iain Burns CECOST networking 131215-
131220 

Alem Kindeya Gebru 140101-140331 

Yiguang Ju 140316-140319 

Davina Jasikova CECOST networking 
140512-140529 

Stefan Will LII Workshop 140611-140612 

Ivan Chechet 141201-141206 

 

2.3 Academic Degrees during 2012-2014 

Doctorates: 

Elias Kristensson, “Structured Laser Illumination Planar Imaging SLIPI Applications for Spray 
Diagnostics”, LRCP-152 

Andreas Lantz, “Application of Laser Techniques in Combustion Environments of Relevance 
for Gas Turbine Studies”, LRCP-153 

Johannes Lindén, “Laser-Induced Phosphor Thermometry – Feasibility and precision in 
combustion applications”, LRCP-154 



 

Bo Li, “Development and Application of Laser-Induced Emission Techniques for Combustion 
Diagnostics: High-Resolution Visualization of Turbulent Reactive Flows”, LRCP-155 

Johan Sjöholm, “High Repetition Rate Laser Diagnostics for Combustion Applications”, PhD 
Dissertation”, LRCP-157 

Alexis Bohlin, “Development and Application of Pure Rotational CARS for Reactive Flows”, 
LRCP-158 

Zhiwei Sun, “Development and Application of Non-linear Mid-Infrared Laser Spectroscopy for 
Combustion Diagnostics”, LRCP-159 

Andreas Ehn, “Short Pulse Laser Diagnostics Towards Quantitative Measurements for 
Combustion Applications”, LRCP-160 

Billy Kaldvee, “Development and Application of Single-ended Picosecond Laser Diagnostics”, 
LRCP-163 

Jonathan Johnsson, “Laser-Induced Incandescence for Soot Diagnostics: Theoretical 
Investigation and Experimental Development”, LRCP-164 

Harry Lehtiniemi, “Development of transient flamelet library based combustion models”, 
LRCP-166 

Christoph Knappe, “Phosphor Thermometry on Surfaces – A study of its Methodology and its 
Practical Applications”, LRCP-169 

Per Petersson, “Laser Diagnostics Applied to Lean Premixed Swirling Flames – Simultaneous 
Flow Field and Scalar Measurements”, LRCP-172 

Ronald Whiddon, “Application of Laser-based Diagnostics to a Prototype Gas Turbine Burner 
at Selected Pressures”, LRCP-173 

Linda Vallenhag, “X-ray Diagnostics in Combsution – Study of Particle Formation in Flames 
using Combined Small- and Wide Angle X-ray Scattering”, LRCP-174 

 

Licentiates: 

Malin Jonsson, “Development of fluorescence-based techniques for quantitative measurements 
of combustion species”, LRCP-170 

 

Diploma paper: 

Emelie Flood, “Laminar burning velocities of methanol mixed with formaldehyde and statistical 
examination of the heat flux burners” 

Magnus Joelsson, “Atmospheric Fate of Methyl Bromide” 

Stina Ausmeel, “Furans: the potential atmospheric impact of a next-generation bio fuel” 

Martin Torstensson, “A comparison of the multicomponent model and the mixture averaged 
approximation” 

Angelica Wennbro, “Undersökning av hur biobränslen kan påverka den lokala luftkvaliteten” 

Josefin Jönsson,  “Transportation and deposition of volcanic ash from Iceland to the Arctic” 

Cecilia Heldman, “Do contrails seek clear skies?” 

Erik Höjgård-Olsen, “Kinetic Energy of Storms in Different Reanalysis Data Sets and 
Observations” 



Marie Rasmussen, “Modelling albedo in the ablation zone of the Greenland ice sheet” 

Jakob Petersson, “How are extreme temperatures changing in Sweden” 

Christoffer Pichler, “Setup and control of a test reactor for catalysis with optical access” 

Xin Xu, “Development of fluorescence-based techniques for quantitative measurements of 
combustion species”, LRCP-161 

Odd Hole, “Development and application of measurement techniques for detection of 
ammonia”, LRCP-165 

Johan Simonsson, “Development of a diode-laser based setup for extinction measurements in 
sooting flames”, LRCP-167 

Elin Malmqvist, “Thermometry using OH laser-induced fluorescence excitation spectra: A 
feasibility study”, LRCP-168 

Sandra Török, “Kilohertz elctro-optics for remote sensing of insect dispensal”, LRCP-171 

Dina Hot, “Ozone imaging and detection using photofragmentation laser-induced 
fluorescence”, LRCP-175 

Panagiota Stamatoglou, “Spectral Analysis of Flame Emission for Optimization of 
Combustion Devices on Marine Vessels”, LRCP-176 

2.4 Seminars 

Prof. Christof Schulz, Institute for Combustion and Gas Dynamics, University of Duisburg-
Essen, “Observing the conditions during gas-phase synthesis of nanoparticles: Challenges to 
chemical kinetics and laser diagnostics”, 120308 

Dr. Paul Danehy, NASA Langley Research Center, Hampton, USA, “Exploring Hypersonic 
Flows usinPlanar Laser Induced Fluorescence”, 120531 

Dr. Todd D. Fansler, Propulsion Systems Research Laboratory General Motors Global 
Research & Development Warren, Michigan, USA, “Ignition and Flame Growth in Spray-
Guided Stratified-Charge Gasoline Engines”, 120607 

Dr. Nico Dam, Dept. of Combustion Technology, Eindhoven University of Technology, the 
Netherlands, “Optical velocity measurement in turbulence”, 120611 

Dr. Andreas Brockhinke, Physical Chemistry I, Bielefeld University, “Measurement and 
Modeling of Chemiluminescence Spectra in Flames”, 120614 

Dr. Andrew Heyes, Imperial College, London, UK, “Thermographic Phosphor Thermometry 
and the Many Faces of BAM:Eu”, 120920 

Dr. Peter P. Radi, Paul Scherrer Institute, Switzerland, “High resolution spectroscopy of 
radicals in gas phase by applying four-wave mixing techniques”, 121023 

Dr. Kevin Thomson, National Research Council of Canada Ottawa, Canada “Black Carbon 
Metrology for Combustion and the Environment”, 121108 

Dr. Peter Joo, Institute for Aerospace Studies, University of Toronto/Div. of Combustion 
Physics, Lund University, “Soot Formation from Combustion of Hydrocarbon Fuels at 
Atmospheric and at Elevated Pressures”, 121115 

Prof. Mário Costa, Instituto Superior Técnico, Tecnhical University of Lisbon, Lisbon, 
Portugal, “(Co-)combustion of difficult biomass fuels: from drop tube to large-scale studies” 
130221 



 

Prof. Luc Vervisch, CNRS - CORIA - INSA & Université de Rouen, France, “Large Eddy 
Simulation of Turbulent Combustion: Automated tabulated chemistry and flame filtering 
challenges”, 130613 

Prof. James C. Hermanson, Department of Aeronautics & Astronautics, University of 
Washington, Seattle, WA, USA, “a. Reaction Zone Structure of Swirled, Strongly-Pulsed 
Turbulent Jet Flames,b. Convective Structure and Heat Transfer of Transient Evaporating Films“, 
130827 

Prof. Simone Hochgreb, Engineering Department, University of Cambridge, UK, “Recent 
worries in turbulent combustion and instabilities”, 140221 

Dr. Robert S. Tranter, Argonne National Laboratory, Chemical Sciences and Engineering 
Division, Argonne (IL), USA,” The role of resonantly stabilized and aromatic radicals in 
formation of polyaromatic hydrocarbons”, 140603 

Prof. Frédéric Grisch, INSA de Rouen, UMR-CNRS 6614, CORIA, France, “Recent Advances 
in Laser-based Diagnostics for Gas Turbine Combustion“, 140606 

2.5 Participation in International and National Projects 

EU and ESA Program Subject 

 ESA COSYMONA Combustion Synthesis of Functional Metal Oxide 
Nanoparticles 

HERCULES High Efficiency Engine R&D on Combustion with Ultra 
low Emissions for Ships. 

LUCC RITA Transnational Access to Lund University Combustion 
Centre - Specific support action 

AEROTEST Remote Sensing Technique for Aeroengine Emission 
Certification and Monitoring 

ECO-ENGINES Energy Conversion in Engines. 

INTELLECT Integrated Lean Low Emission Combustor Design 
Methodology 

NICE New Integrated Combustion System for future Passenger 
Car Engines. 

TLC Towards Lean Combustion 

HELIOS High Pressure Electronically controlled gas injection for 
marine two-stroke diesel engines 

ESA CoPMSAP ESA Combustion Properties of Materials for Space 
Application Phase 2 - Additional activities 

 



Funding agency Subject 

FOI/VINNOVA Remote detection of explosive substances, DETEX 

Swedish Research Council MENA, Egypt. Detailed studies of premixed burners 
using highly advanced laser-based techniques 

Swedish Research Council Development and application of laser techniques for 
combustion/flow diagnostics 

Swedish Research Council High-resolution studies of particle formation processes in 
reactive systems: Implications to combustion and 
environmental control 

Swedish Research Council Understanding soot formation, growth and aggregation 
using elastic light scattering and laser-induced 
incandescence 

Swedish Research Council 
Development and application of mid-infrared resonant 
four-wave mixing laser techniques for diagnostics and 
optimization of Thermochemical Conversion Processes  

Swedish Research Council Development of a laser method for characterization of 
Nano particles from combustion 

Swedish Research Council Investigation of NOx combustion chemistry in laminar 
flames in H / N / O system  

Swedish Research Council Development and application of polarization spectroscopy 
for high temperature gas-phase diagnostics 

 Swedish Energy Agency Advanced laser spectroscopy using coherent Raman 
techniques for diagnostics of combustion processes and 
other gaseous systems 

Swedish Energy Agency High-resolution studies of particle formation processes in 
reactive systems 

Swedish Energy Agency Research in the Lund University High Pressure 
Combustor Rig within CECOST and other 
national/international research programs 

Swedish Energy Agency Upgrading of the High Pressure Combustion Rig at Lund 
University 

Swedish Energy Agency D60l - The 60% efficient Diesel engine - laser-based 
diagnostics 

Swedish Energy Agency Center of Competence in Combustion Processes (KCFP) 

Swedish Energy Agency 

 

Laser diagnostics on fuels in combustion processes with 
advanced coherent Raman Techniques 



 

Swedish Energy Agency 

 

Model based control of the internal combustion engine 

Swedish Energy Agency A Swedish-Chinese collaborative project: Technology 
development related to solid-fuel gasification and oxy-fuel 
combustion 

Swedish Energy Agency Turbo power  

Danish GREEN 

Swedish research Council 
FORMAS 

Characterization of soot for improved knowledge on 
climate impact 

 

The division of Combustion Physics administrates the Centre for Combustion Science and 
Technology (CECOST). The Center is financed by the Swedish Foundation for Strategic 
Research and the Swedish Energy Agency together with Swedish industry.   

Combustion Physics cooperates with a number of industrial partners, e.g. E.ON Sweden AB, 
Tetra Pak Sweden, Husqvarna AB and Siemens Industrial Turbomachinery AB either within the 
program activities or in bilateral projects. 

2.6 Budget 

The Combustion Physics’ average income per year for 2012-2014 totaled to 47.7 MSEK of 
which ~83% came from external sources. The income relates to all activities within 
undergraduate education and research activity. The gross figure is without reduction of financial 
transactions or accruals.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

3 Courses 

The division of Combustion Physics contributes to teaching of a large number of courses at the 
Physics department. In four of these courses we have course responsibility. 

3.1 Fundamental Combustion (FBR012) 

This is an optional course for students in Engineering physics, Mechanical engineering, and 
Environmental engineering. The course has the last years been given by Alexander A. Konnov. 
The course gives 7.5 ECTS and runs over a period of two months (March-May). The course 
literature consists of texts written by the course responsible and some excerpts from text books. 
The course has one laboratory exercise, and a project corresponding to about 2 ECTS points. 
There is a written examination at the end of the course. 

The aim of the course is to provide a fundamental understanding for the physical processes in 
combustion. Important areas are thermodynamics, chemical kinetics, radiation, transport 
processes. From this basic understanding combustion phenomena and systems can be analysed 
such as autoignition, flame propagation, extinction, and pollutant formation.  

Lectures summarize course parts and exemplify different parts of the text book. Exercises give 
training for students to work with problems. Laboratory exercises trains students in experimental 
work and to summarize the results in a technical report. Demonstrations exemplify the course 
parts and facilitate learning. In the project the student investigates a specific topic, writes a report 
and presents it orally. 

3.2 Laser-based Combustion Diagnostics (FBR024) 

Advanced course optional for fourth-year students on the Engineering Physics program (F), 
Master students on the Photonics programs (Master in Physics at the Science Faculty and the 
international Master program), and for graduate students. The course has the last year been given 
by Mattias Richter. It gives 7.5 ECTS and is given annually from January to March. The aim of 
the course is to provide a fundamental understanding (based on physics) of the potential for 
laser-based techniques to non-intrusively measure parameters such as species concentrations and 
temperatures in combustion processes. The course literature has been the textbook by A.C. 
Eckbreth: “Laser diagnostics for combustion temperature and species” (2nd edition, Gordon and 
Breach, 1996). Additional text material produced at the Division of Combustion Physics 
complements the textbook. The course includes two laboratory practicals, 10 hand-in exercises, 
and a minor project (corresponding 1 ECTS). Final grades are determined from scores on a 
written exam as well as scores on hand-in exercises. 

3.3 Molecular Physics (FBR030) 

This is an optional course for students on the fourth year of engineering physics. The course has 
been given by Zhongshan Li since the year 2011. The course gives 7.5 ECTS and runs over a 



period of two months (October-December). The main course literature is Banwell and McCash, 
“Fundamentals of Molecular Spectroscopy”, 4th Ed., McGrawHill, 1994. The course has one 
laboratory exercise, and a project corresponding to about 2 ECTS point. The course is held every 
second year (odd years). 

3.4 Thermodynamics with Applications (FMFF05) 

This is a compulsory course for second year students on the Engineering Physics program. 
Responsible for the course is Sven Åberg, Mathematical Physics, and Per-Erik Bengtsson, 
Combustion Physics. The course runs over two study periods from September to December. 
The first half of the course deals with thermodynamics, and the second half mainly with a project 
related to thermodynamics and sustainable development. The students have two laboratory 
exercises, and one of them is about combustion, held by Combustion Physics. One third of the 
students perform their projects with supervisors from Combustion Physics. 

 

 



 

4 Laser Techniques for Combustion Diagnostics 

4.1 Coherent anti-Stokes Raman Spectroscopy (CARS) 

Emil Nordström, Alexis Bohlin, M. Marrocco1, C. Kliewer2, X.-S. Bai 3, Per-Erik Bengtsson 

Coherent anti-Stokes Raman Spectroscopy (CARS) is a laser-based non-linear technique, which 
has a high potential for gas-phase thermometry and concentration measurements of major 
species. Both methodological development and applied measurements have been performed, and 
results are presented from rotational CARS as well as from vibrational CARS. Experiments are 
performed under well-controlled laboratory conditions for the development of the technique, 
and the experimental data is analyzed using a theoretical CARS code consisting of a program for 
generation of theoretical spectra and a fitting program. A typical experimental setup for 
rotational CARS is shown in Fig. 4.1.1, and an example of rotational CARS spectra of N2 is 
shown in Fig. 4.1.2. 

 
 

Since 2011 our group has collaborated with Dr Chris Kliewer at Sandia National Labs, 
Livermore, USA. In this work, time-resolved dual-broadband picosecond pure rotational CARS 
was applied to measure S-branch N2-N2 and N2-H2 Raman linewidths in the temperature range 
294–1465 K. The coherence decays were detected directly in the time domain by following the J-
dependent CARS signal decay as a function of probe delay, see Fig. 4.1.34. The rotational Raman 
N2-N2 and N2-H2 linewidths shown in Fig. 4.1.4 were derived from these time-dependent decays 
and evaluated for thermometric accuracy5. In this work also the influence of these linewiths on 
evaluated temperatures from rotational CARS experiments performed at Lund was presented. 
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Yet another common project investigated in-situ measurements of Raman linewidths in flames1. 
Improved linewidth information leads to more accurate temperature estimations from CARS 
experiments. 

 
 

Figure 4.1.3. Rotational CARS spectra of nitrogen in 
an environment with hydrogen at two different delays 

between the coherent excitation and the probe beam.
2
 

Figure 4.1.4. Raman linewidths obtained from time-domain 

coherence decay measurements presented in
3
. 

The collaboration with Dr M. Marrocco, ENEA, Italy, continued, and a study was made on the 
influence of the Herman-Wallis factor for O2 on rotational CARS thermometry4. This work was 
preceded by a similar investigation on N2. Also, a vibrational CARS project was initiated with Dr 
Marrocco, where the aim was to investigate the usefulness of vibrational CARS thermometry 
under high resolution. We then reported on an unconventional experimental procedure useful 
for thermometric measurements on the basis of high-resolution vibrational coherent anti-Stokes 
Raman scattering (CARS) 5. The high spectral dispersion of 0.02 cm-1/pixel was achieved by 
means of some specific spectral arrangements (single-mode pump laser and diffraction grating 
providing spectra at the sixth order) and was further strengthened by the use of a relay lens 
system mounted before the charge-coupled device camera. Surprisingly, at the high spectral 
dispersion of our measurements, a significant and persistent thermometric inaccuracy was 
observed. The effect came from an inevitable spectral modulation of defined frequency hidden 
in the main CARS signal of the gas under study, and to secure a good thermometric evaluation, 
we described a Fourier approach that was experimentally demonstrated for the typical nitrogen 
CARS spectrum measured at room temperature. In Fig. 4.1.5, a good fit is shown to an 
experimental spectrum. In a second paper, we showed that coherent anti-Stokes Raman 
lineshapes did not follow known spectral profiles if the time asymmetry of realistic laser pulses 
was not taken into account6, see for example Fig. 4.1.6. Examples were given for nanosecond 
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and picosecond laser pulses commonly employed in frequency-resolved coherent anti-Stokes 
Raman scattering. More remarkably, the analysis suggested an effect of line narrowing in 
comparison to the customary approach, based primarily on the Voigt lineshape. 

Some projects were made with the aim to test the diagnostic potential of some molecules. In one 
project the N2O molecule was studied using rotational CARS3. N2O is a straight molecule that 
gives a very strong rotational CARS signal, see Fig. 4.1.7. A theoretical code for N2O was 
developed, and experimental measurements were performed where good agreement between real 
cell temperatures and estimations from spectral fitting using the developed CARS code was 
found. 

In another project the rotational CARS spectrum of water was detected for the first time through 
experiments in pure water vapour at two temperatures, ~400 K and ~670 K4, see Fig. 4.1.8. In 
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Figure 4.1.5.  An experimental spectrum (points) simulated 
by means of a revised procedure of data elaboration (line), 

showing improved thermometric accuracy
1. 

Figure 4.1.6. Q-branch N2 CARS spectrum for the symmetric 
Gaussian laser pulse (blue line) and an asymmetric hyperbolic 
secant (red line). The inset shows the lineshapes for J=19, 20 and 

21
2
. 

  

Figure 4.1.7.  Rotational CARS spectrum from a mixture of 
1/3 N2O and 2/3 N2 at room temperature3.  

Figure 4.1.8.  Rotational CARS spectrum of water vapour 
at around 400 K (a) and 670 K (b) with suppression of non-

resonant background
4
.  
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order to get a good spectral structure it was necessary to suppress the non-resonant background 
using a polarisation suppression technique. Because of very weak signal intensity from water, 
there is limited diagnostic potential for rotational CARS of water in general combustion 
situations. 

  

Figure 4.1.9. Evaluated data of 1000 
individual single-shots at 32 mm height above 
burner, where the number of spectra that are 
“unreacted” and “fully reacted” are about 

equal
1
. 

Figure 4.1.10. Time averaged relative O2-concentrations (left) and mean 
temperature from interpolated CARS data (right), and from G-LES DCM, along 
radial and axial position in Re=30000 low swirl flame. The CARS measurement 

positions are shown with black dots
2
. 

Rotational CARS measurements were measured radially at various heights in a low swirl 
stabilised flame using two different Reynolds numbers. A paper more directed towards the 
rotational CARS technique and its application to this flame was published at the Combustion 
Symposium 2012 in Warsaw1. An example of a result is shown in Fig. 4.1.9, where a scatter plot 
of single shot temperatures and relative O2-concentrations are presented at a specific flame 
position showing strong correlation between estimated temperatures and relative O2-
concentrations. In addition, an extensive paper focussed on both LES modelling and rotational 
CARS temperature data was published in Combustion and Flame,2 see Fig. 4.1.10. 

Soot particles strongly absorb radiation in visible and IR spectral regions, and their interaction 
with laser light during laser diagnostic interrogation leads to particle heating and often to 
subsequent sublimation. The local gas heating that occurs when the laser-heated particles transfer 
their heat to the ambient gas was measured using rotational CARS thermometry on time scales 
from nanoseconds to milliseconds. An example of an evaluated spectrum is shown in Fig. 4.1.11, 
where also small rotational CARS peaks can be observed resulting from laser-produced C2 from 
soot3. It was shown that laser heat-up of soot particles from flame temperatures to sublimation 
temperatures led to local gas heating of ~100 K at a soot volume fraction of 4.0 ppm, in good 
agreement with simulations, see Fig. 4.1.12. The results were presented at the Combustion 
Symposium in San Francisco 20143. 
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In addition to the presented results, CARS thermometry has also been used to support other 
projects through accurate temperature measurements in premixed flat flames for flame 
characterization. An example is given in Ref. 1. 
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Figure 4.1.11. Rotational CARS spectrum averaged from 
500 laser shots, showing strong nitrogen peaks along with its 
theoretical best fit nitrogen spectrum. The theoretical fit 

corresponds to a temperature of 1740 K
2
. 

 

 

Figure 4.1.12.  Evaluated CARS temperatures at varying 
delay after the LII pulse for two measurement series. Also 
shown is the expected ambient gas temperature increase coming 
from calculations based on 2C-LII measurements of the soot 
particle temperature decay at a laser fluence of 0.125 J/cm22. 



4.2 Soot Diagnostics 

Nils-Erik Olofsson, Jonathan Johnsson, Johan Simonsson, Sandra Török, Henrik Bladh, P. de Goey 1 , P. 
Desgroux2, A. Karlsson3 and Per-Erik Bengtsson 

During this period various projects have been performed. Optical techniques have been 
developed further for soot diagnostics; mainly extinction, elastic light scattering (ELS), and laser-
induced incandescence (LII). Through detailed studies in premixed flat flames, an increased 
understanding about the change of soot properties in the soot formation process has been 
achieved. The optical techniques have also been used to measure volume fraction and sizes in 
various types of flames.  

  

  

Fig. 4.2.1. Radially resolved flame temperature (upper left), soot volume fraction (lower left), soot particle size (upper right), 

and differential scattering coefficient, Qvv, (lower right) in a premixed flat ethylene/air flame4  

An extensive study was made where several techniques were used to characterise flat flames on a 
McKenna burner. Radially resolved measurements of soot and temperature profiles in a flat 
ethylene/air flame were made. The motivation for this work is that there has been a debate in 
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the LII community concerning the homogeneity of these flat flames: Are they really that flat? To 
answer this question, at least for our own flat flame burners, we performed, together with the 
CARS group, radially resolved flame temperature, soot volume fraction, and size measurements1. 
In Fig. 4.2.1 such measurements are shown for an ethylene/air flame with an equivalence ratio of 
2.1. The flame was surrounded by a shielding gas flow of either air or nitrogen producing two 
slightly different flames. As can be seen in Fig. 4.2.1, the air-shielded flame seems to be more flat 
than the nitrogen-shielded. This is a result from the formation of an outer diffusion flame when 
using the air shroud. This flame heats the flame boundaries and results in more uniform soot 
properties throughout the flame. 

 

Fig. 4.2.2. Measurement data from a partially premixed n-heptane flame (Φ = 3.7), where (a) presents a LIF image of the 
OH distribution, the signal obtained from excitation at 266 nm being shown for prompt detection in (b) and for delayed 
detection in (c), the images (a–c) being only qualitative, the color bars showing the detector counts. The quantitative soot 
volume fraction image obtained using LII is shown in (d). 

Qualitative measurements of both OH and polycyclic aromatic hydrocarbons (PAH) as well as 
quantitative data of soot volume fraction fv have been obtained in vaporized liquid fuels, with 
the main goal of providing experimental data for combustion models and numerical mechanism 
validation2. Measurements were carried out in a laminar co-flow burner which was designed, built 
and integrated with an evaporation system, enabling the combustion of vaporized liquid fuels at 
pressures of up to 3.0 MPa to be studied. The fuels n-heptane and n-decane, referred to in the 
literature as being important surrogate fuels, were selected for measurements at atmospheric 
pressure that were carried out in the experimental setup described, making use of a combination 
of the Laser-Induced Fluorescence (LIF) and Laser-Induced Incandescence (LII) techniques. 
Partially premixed flames of n-heptane and n-decane showed similar combustion characteristics 
in the range of 1.9 < Φ < 3.7. For both of the fuels the threshold for soot formation was found 
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to be at about Φ ~ 3.3. Comparison of the LIF and LII measurements for the n-heptane flames 
within the range of 3.7 < Φ < 8.5 indicated the maximum PAH LIF signal to be a good 
predictor of fv,max obtained from LII. Excitation at 266 nm using delayed detection was found to 
result in the signals obtained showing a close linear correlation with the soot volume fraction 
obtained from LII when prompt detection at 1064 nm excitation was used. Examples of results 
are shown in Fig. 4.2.2. 

 

                        

 

Fig. 4.2.3. Cross-section of the Mark I version of the burner (left panel). (1) The oxidizer injection array, (2) the injection 
layer and (3) the secondary burners to reduce heat loss through the windows. In the upper right panel a photo of the combustion 
chamber of the burner is shown. In the lower right panel, a photo of a sooting flame (a) is shown together with a single-shot LII 
image with super aggregates (b).  

Sooting flames produced in a unique counter-flow burner (developed by Dr Robert and Prof. 
Peter A. Monkewitz at EPFL, Lausanne, Switzerland) were studied1. The burner shown in Fig. 
4.2.3 makes it possible to investigate nearly unstrained diffusion flames over a wide range of 
Lewis numbers to provide direct validation of theoretical models for thermal-diffusive 
instabilities in diffusion flames. The aim of this work was to investigate the soot formation in 
these flames. Among other things, the extremely low radial bulk velocities of the species in the 
fuel rich zone makes it possible to achieve residence times long enough for soot particles to 
become super sized clearly visible by the naked eye. The experimental configuration is a variation 
of the counter-flow burner in which the difficulty of evenly supplying the reactants and 
removing the combustion products across the burner cross-section is addressed by using an array 
of closely spaced needles. As opposed to the conventional counter-flow burners, this 
configuration minimizes strain by allowing the combustion products to escape between the 
reactant supply needles. LII measurements were carried out for a range of different conditions 
with the aim to provide kinetic modellers with validation data. 

We also investigated nascent soot particles by analyzing laser-induced incandescence (LII) signals 
obtained in low-sooting premixed flames 2 . The analysis covered two data sets obtained in 
separate experimental campaigns. The first data set was obtained in a previous work (Mouton et 
al. Appl. Phys. B112 (2013) 369-379) in methane/oxygen/nitrogen flames (equivalence ratio 
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range 1.95 <  < 2.32) at 26.7 kPa, whereas the second was a separate campaign in atmospheric 

ethylene/air flames (1.77 <  < 2.00). Both studies show similar trends, i.e. a gradual change of 
the fluence curves (evolution of the LII signal as function of the laser fluence) from the well-
known S-shaped curve for mature soot found at high heights above the burner (HAB) and high 
equivalence ratio, to a nearly linear behavior for nascent soot found at low HAB and reduced 
equivalence ratio. With this change comes a decrease in the LII decay time (and hence inferred 
particle size). Also, this decay time appears to be almost constant with HAB in flames having the 
lowest equivalence ratio at which the incandescence signal could be detected. In these flames, so-
called nucleation flames, the stability of the particle size with HAB suggests that recently 
nucleated particles have undergone marginal surface growth and coagulation. Existence of such 
nucleation flames is of great interest for improving the theoretical description of the nucleation 
step. Experimental results are analyzed by using a theoretical model for LII to determine the 
particle diameter evolution throughout the flame at various experimental conditions. We 
highlight the size difference from nascent soot particles up to mature soot, giving insight into the 
particle nucleation and the surface growth processes as a function of reaction time and flame 
conditions. Examples of data are shown in Figs 4.2.4 and 4.2.5. 

  

Fig. 4.2.4. Peak-normalized time-resolved LII signals 
obtained using a laser fluence of 0.2 J/cm2 and detected at 

575 nm (right) as function of HAB1. 

Fig. 4.2.5. Evaluated average primary particle diameters, 
Dav, as function of height for the atmospheric flames1. 

Detailed studies have been made on soot optical properties during soot growth in premixed flat 
ethylene/air flames where focus has been on following the change in optical properties from 
nascent to more mature soot, and the importance of these properties for laser-induced 
incandescence (LII). A combination of two-color LII (2C-LII) and elastic light scattering (ELS) 
was utilized for studies of soot absorption and sublimation for a range of laser fluences in a 
pump-probe experiment, and the experimental results were compared with LII model 
predictions. The experimental setup is shown in Fig. 4.2.6, and the timing diagram for the pulse-
probe experiment is shown in Fig. 4.2.7. 

Results from a first study was presented in 2 and from a more extensive work was presented in3. 

Two flames were studied, = 2.1 and = 2.3, and both flames showed similar trends 
indicating that the soot becomes less transparent during the growth process until some level of 
maturity is reached at higher flame heights, where the measured properties reach almost constant 
values, see Fig. 4.2.8. A sublimation fluence threshold of ~0.14 J/cm2 (at 1064 nm for a flame 
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temperature around 1700 K) was evaluated for mature soot, see Fig. 4.2.9, corresponding to a 
sublimation temperature of ~3400 K.  

 
 

Fig. 4.2.6. A sketch of the experimental setup, displaying the 
lasers, the beam paths, the optics and the detection system. 

Fig. 4.2.7. The upper panel shows a sketch of the two 
laser pulses – the scattering probe pulse (green) and the 
heating pulse (red). The scattering pulse is moved in 
time from before to after the heating laser pulse. The 
lower panel shows an example of a measurement 
situation with strong soot sublimation. 

 

  

Figure 4.2.8. ELS signal ratio B/A (defined in text) plotted 
as function of laser fluence of the heating 1064 nm laser for the 
five studied HAB in the Φ = 2.3 flame1. 

Figure 4.2.9. Sublimation threshold fluences, evaluated from 
combined LII/ELS measurements, plotted for each of the five 
HAB in the two studied flames1. 

A diode-laser based setup was used for extinction measurements at various heights in two flat 
premixed sooting ethylene/air flames in order to investigate the wavelength dependence of the 
extinction2, see Fig. 4.2.10. Twelve laser wavelengths were used in the interval 405 to 1064 nm, 
and with this setup a sensitivity of 10-4 was achieved for the extinction. Soot volume fractions 
inferred from the extinction measurements were always higher in the visible spectral region than 
in the infrared, an effect associated with additional absorption by large hydrocarbons, such as 
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polycyclic aromatic hydrocarbons. For wavelengths longer than around 700 nm and at high 
heights above burner (HAB), the extinction shows an inverse dependence with wavelength, in 
concurrence with wavelength independent optical properties of soot. In the same spectral region 
at lower HAB the wavelength dependence is observed to be stronger, indicating that the soot 
optical properties show variation with wavelength. Furthermore, a continuous change in the 
wavelength dependence of the absorption function E(m) is shown from nascent soot at lower 
heights to more mature soot at higher heights, see Fig. 4.2.11. The presented results are of 
importance for soot diagnostics relying on the efficiency of light absorption by soot such as 
laser-induced incandescence (LII). 

 
 

Figure 4.2.10. Measured extinction as function of HAB for the 
investigated flames, Φ = 2.1 and Φ = 2.3. 

Figure 4.2.11. The evaluated dispersion coefficient (in 
wavelength range 685-1064 nm) as function of HAB for 
the studied flames, Φ = 2.1 and Φ = 2.3.  

Soot particles strongly absorb radiation in the visible and infrared spectral regions, and the soot 
interaction with laser light during laser diagnostic interrogation leads to particle heating and often 
to subsequent sublimation. Consequently, laser-heated particles transfer heat to the ambient gas 
leading to local gas heating, a process that has received minor attention so far in the diagnostic 
community. This specific local gas heating was measured in a pump-probe-type experiment1. A 
1064-nm laser beam heated the soot particles in an ethylene/air diffusion flame (on a Gülder-
burner) with known soot volume fraction, and a two-beam rotational coherent anti-Stokes 
Raman spectroscopy (CARS) setup was used to probe the local gas temperature on time scales 
from nanoseconds to milliseconds. The temperature of the heated particles was simultaneously 
probed using a two-color laser-induced incandescence (2C-LII) detection system. The results 
show that laser heating of soot particles from flame temperatures to sublimation temperatures 
leads to local gas heating of ~100 K at a soot volume fraction of 4 ppm, in good agreement with 
theoretical predictions. 

Soot aggregates formed in combustion processes are often described as clusters of carbonaceous 
particles in random fractal structures. For theoretical studies of the physical properties of such 
aggregates, they have often been modelled as spherical primary particles in point contact. 
However, transmission electron microscopy (TEM) images show that the primary particles are 
more connected than in a single point; there is a certain amount of bridging between the primary 
particles. Particle sizing using the diagnostic technique laser-induced incandescence (LII) is 
crucially dependent on the heat conduction rate from the aggregate to the ambient gas, which 
depends on the amount of bridging. In a work by us, aggregates with bridging were modelled 
using overlapping spheres, and it was shown how such aggregates can be built to fulfil specific 
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fractal parameters1. Aggregates with and without bridging were constructed numerically, and it 
was investigated how the bridging influences the heat conduction rate in the free molecular 
regime. The calculated heat conduction rates are then used in an LII model to show how LII 
particle sizing is influenced by different amounts of bridging. 

Another paper presented a theoretical approach to the absorption and scattering of light from 
aggregates of primary particles2. The primary particles were sphere-like and small compared to 
the wavelength, whereas the aggregate can be large compared to the wavelength. This situation 
applies to when soot particles formed in flames are measured using methods based on laser light. 
The method presented in this work, called generalized Rayleigh–Debye–Gans, leads to closed-
form expressions for the scattered intensity and the absorbed power of an ensemble of 
aggregates with random positions and orientations. The expressions ensure a fast and accurate 
numerical evaluation of the scattering and absorption from ensembles of aggregates. The 
numerical results are compared with the ones obtained from the T-matrix method and the 
discrete dipole approximation method. 
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4.3 Gas turbines diagnostics 

A. Subash, R. Collin, A. Lantz, R. Whiddon and M. Aldén 

Gas turbine diagnostic activities involve development and application of different laser-based 
techniques for combustion studies in different burners ranging from laboratory scale burners to 
industrial gas turbine burners.  To provide information about the combustion, different 
phenomena: flame stability, flash back, lean blow out, presence of precessing of vortex core, 
mixing, and flame quenching are observed investigating different parameters such as species 
distribution and concentration, temperature, velocity and particle size applying various laser 
techniques. The burner hardware is mainly decided in collaboration with industry where 
SIEMENS is a main partner. Investigations are performed both at atmospheric pressure and at 
high pressure conditions. For atmospheric pressure conditions, experiments are performed either 
in a test rig in Lund or in the atmospheric combustion chamber located at SIEMENS in 
Finspång. Experiments at high pressure are performed in the high-pressure combustion rig 
located in Lund. 

The gas turbine activities of Combustion Physics are performed within two national programs, 
the CECOST program and the Turbo Power program. Within CECOST, one of the main 
activities has been to characterize the Triple Annular Research Swirler (TARS) burner in 
collaboration with the Division of Fluid Mechanics in Lund and with Prof. E.J. Gutmark from 
University of Cincinnati. A new research burner is also being developed and designed by Fluid 
Mechanics in Lund in order to investigate different combustion phenomenon in near future. 
Furthermore, within CECOST, measurements at industrial gas turbine burners are performed in 
collaboration with SIEMENS. A number of different measurement campaigns have been 
performed on-site at SIEMENS in Finspång to investigate different industrial gas turbine 
burners at different operating conditions. The activities within Turbo Power are performed in 
close collaboration with the Division of Thermal Power Engineering and are focused on 
experimental investigation of gas turbine combustion at atmospheric and elevated pressure. The 
goal is to understand the combustion behavior of an industrial prototype gas turbine burner, 
LXB2 prototype 4th generation DLE burner, at different operating condition varying fuels, from 
high hydrogen fuels to lower heating value (LHV) fuels, to develop a wide operational window at 
ambient and high pressure. 

Activities within CECOST program 

Within the CECOST program, one of the major interests has been to investigate combustion at 
the Triple Annular Research Swirler (TARS) burner. The TARS burner has very good flexibility 
and is used to study the interaction of turbulence and flames, and the related instabilities. The 
swirler of the burner features three air passages, each with an individual swirler. The inner and 
the intermediate swirlers are axial swirlers, whereas the outer is a radial swirler. Different degrees 
of premixing are achieved by using different lengths of the premixing tube1.The premixing tube 
is positioned on top of the burner nozzle and above it there is a combustor chamber. Optical 
measurements can be performed both inside and above the premixing tubes. The burner and its 
longitudinal and perpendicular cross section are shown in Figure 4.3.1.  Experiments were 
performed on the TARS burner to investigate the flash-back and flash-forward mechanisms at 
atmospheric conditions varying Reynolds numbers (Re), coflow temperature, combustor 
chamber confinements. To investigate the flame, OH and CH2O PLIF, high-speed OH 
chemiluminescence and high-speed PIV techniques were applied. OH and CH2O PLIF, and OH 
chemiluminescence imaging are used to study the flame dynamics and PIV provides flow field 

                                                 

 A. Lantz., Application of Laser Techniques in Combustion Environments of Relevance for Gas Turbine Studies. Doctoral Thesis, 

2012 



information. Single-shot and average images of OH chemiluminescence signals distribution of 
flash-forward and flash-back events is presented in Figure 4.3.2 (flash-forward) and Figure 4.3.3 
(flash-back). 

 

Several equivalence ratios () were examined to determine critical points corresponding to the 
conditions of the flash-back and flash-forward events at different Reynold (Re) numbers for 
natural gas combustion. For lower Re-number, both flash-back and flash-forward events are 
occurred at two ranges of the equivalence ratios (Figure 4.3.4): lower range and upper range and 

then at Re = 18000, the flack-back points for two ranges merge together at equivalence ratio  = 
1. 

 

The results from OH PLIF measurement provide qualitative information about OH radicals 
distribution found in the laser sheet aligned along the symmetry plane through the center of the 

burner. OH PLIF images of the flame for different  at Re = 9400 are shown in Figure 4.3.5. 
Top row shows single-shot images, bottom row shows corresponding averaged image. In Figure 
4.3.6, top row, gradient images of the OH PLIF is shown and bottom row shows probability 



 

density mapping of the gradients. Figure 4.3.7 presents CH2O PLIF selected single-shot images 
at top row and averaged images at bottom row. The chemiluminescence, OH and CH2O PLIF 
signals are represented by a false color scale in order to distinguish between intensity levels. 

 

The flow direction is from bottom to upward for OH and CH2O PLIF; images were collected 
only from the combustion chamber.  Chemiluminescence, OH and CH2O PLIF images shows 

the flame moving upstream in the combustion chamber up to  = 0.73. OH and CH2O PLIF 

images show that the wrinkling of the flame is also increasing with . At  = 0.8, the flame 
moves inside the premixing tube causing/resulting in flash-back. The gradients of the OH PLIF 
signal, shown in Figure 4.3.6 (top row), provide the approximate position of flame fronts. For 
further details, the reader is referred to1. 
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Besides activities on TARS burner, experiments were performed on the 3rd generation dry low 
emission (DLE) burner, designed for the SIEMENS gas turbine SGT-800, to investigate the fuel 
mixing process, flame dynamics for further reducing the emission levels. As laser techniques, 
simultaneous OH PLIF and acetone PLIF were applied. Since natural gas (methane) does not 
fluoresce when illuminated with UV radiation, acetone was chosen as fuel tracer since it requires 
relatively low seeding levels and it has a strong fluorescence signal and high vapor pressure. The 
measurements were performed jointly by Siemens Industrial Turbomachinery (SIT) and Lund 
University using the SIT single burner atmospheric combustion rig. Examples of single-shot 
images of the simultaneous OH PLIF and acetone PLIF are shown in Figure 4.3.8 for different 
Main fuel to total Fuel Ratio (MFR), Pilot fuel to total Fuel Ratio (PFR) and Central fuel to total 
Fuel Ratio (CFR) settings1. Here, Main, Pilot and central part are different sections of the burner. 
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Experiments were performed on the 3rd generation dry low emission (DLE) burner, used in both 
SGT-700 and SGT-800 industrial gas turbines from Siemens, to investigate the effect of 
hydrogen enrichment to natural gas flames at atmospheric pressure conditions using flame 
chemiluminescence and OH PLIF imaging. The burner was mounted in an atmospheric 
combustion test rig at Siemens with optical access in the flame region. Four different hydrogen 
enriched natural gas flames were investigated; 0 vol.%, 30 vol.%, 60 vol.% and 80 vol.% of 
hydrogen. The results from flame chemiluminescence imaging and OH PLIF show that the size 
and shape of the flame was clearly affected by hydrogen addition. The flame becomes shorter 
and narrower when the amount of hydrogen is increased and is shown in figure 4.3.9. 
Furthermore, the position of the flame front fluctuated more for the full premixed flame with 
only natural gas as fuel than for the hydrogen enriched flame. Detailed results are described in1. 

Activities within Turbo Power program 

Research within the Turbo Power program focused on LXB2 prototype 4th generation DLE 
burner designed for the Siemens SGT-750 gas turbine. It was designed for flexible combustion 
along with low emission. It is desired that the burner should function producing the least 
emission when it is powered by both high hydrogen fuels and lower heating value (LHV) fuels 
such as: standard Natural gas fuel with high levels inert diluent (N2, CO2). Fuels that have high 
hydrogen content often burn at faster rate than other gases. This can result in a flame that burns 
too close to the burner surfaces which may damage the burner. With LHV fuels, the flame burns 
slowly, which can allow the flame to extinguish. Additionally both hot and cool flames can cause 
high emissions of certain pollutants. The likelihood of a flame to be too close to metal surfaces 
or to extinguish is dependent not only on the fuel composition, but also on the design of the 
combustor, which affects the flow of reactants, and reaction starting conditions’ temperature, 

pressure, equivalence ratio () and velocity. Analyzing the flame exhaust, imaging flame front 
and post flame zone by OH planar laser-induced fluorescence (PLIF) and measuring flow 
velocities and structure with PIV, allow a better understanding of how all these variables work 
together. 

 

The LXB2 prototype 4th generation DLE burner has three sectors with separate ignition, 
stabilization, and bulk combustion sections. Fuel flow to each of these sectors is individually 
controlled. The ignition sector, RPL (Rich-Pilot-Lean), is the spark ignition sources. This section 
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supplies heat and radicals to the other burner sections and hold flame of the whole burner. The 
stabilization sector; pilot is positioned between RPL and bulk combustor section. The bulk 
combustor section, Main, is the outmost of the three sectors. This prototype burner has a conical 
dump extension (made of quartz) that is coupled to a quartz square liner. The burner assembly is 
shown in figure4.3.10. Moving from the centermost to the outermost zones, one finds the RPL 
(rich-pilot-lean) zone, the Pilot zone, and the Main zone1. 

Experiments were performed on the pilot burner (RPL) of the LXB2 DLE combustor to 
investigate the flame at atmospheric pressure condition varying equivalence ratio, residence time 
and co-flow temperature. The flame at the burner exit was investigated applying OH PLIF and 
high-speed chemiluminescence imaging.  The results from chemiluminescence imaging and OH 
PLIF show that the size and shape of the flame are clearly affected by the variation in operating 
conditions. Flame oscillations are investigated applying Proper Orthogonal Decomposition 
(POD) to high-speed chemiluminescence data. Combustion emissions were sampled at the 
downstream of the burner exit to measure the NOx and CO, CO2 levels. The pilot burner 
assembly in an atmospheric pressure rig is shown in the Figure 4.3.11. 

 

As examples of the results, OH PLIF single-shot images and probability density maps of the OH 

PLIF signal distributions at  preheated co-flow cases for different residence times () and 

equivalence ratio (), are shown in Figure 4.3.12. All results are described2. 

Another campaign was held to perform experiment on the central body (RPL) burner of the 4th 
generation DLE combustor to observe the combustion changes for using fuels other than 
natural gas at elevated pressure. The RPL burner was run using four fuels - methane, a generic 
syngas (67.5% H2, 22.5% CO and 10% CH4) and dilutions of these with nitrogen. Each of the 

fuels was operated at several equivalence ratios ranging from  = 0.8 to  = 1.8, for combustion 
pressures of 3, 6 and 9 bar. Measurements were taken of temperatures at multiple points along 
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the RPL body while OH radical distribution extending from the dump plane of the burner was 
imaged by PLIF1. 

The upgraded LXB2 4th Generation DLE prototype burner was received from SIEMENS and 
mounted in the atmospheric rig in Lund after necessary modifications in fuel paths. Quartz liner 
and QUARL has been manufactured and being utilized for flame visualization and investigation. 
Figure 4.3.13 shows the progress for assembling LXB2 full burner for laser diagnostics. 

 

A measurement campaign is ongoing to perform experiment on the improved LXB2 4th 
Generation DLE (full configuration) prototype burner for observing the combustion changes 
due to alteration of the equivalence ratios at different sections of the burner varying loads at 

atmospheric pressure conditions. Investigations are being performed varying the RPL  ratios 

from lean to rich keeping the global  ratios constant by changing the Pilot  for selected loads. 
Simultaneous OH and CH2O PLIF are being applied to the optically accessible combustion 
region to investigate local flame characteristics and reveal insights of turbulence-flame 

interaction. Figure 4.3.14 shows OH PLIF and OH Chemiluminescence images for RPL  = 0.6 

and 1.6 keeping global  = 0.45. 
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4.4 Advanced imaging with kHz/multi-YAG laser systems 

R.Wellander, Z. Li, Z. Wang, M. Richter, and M. Aldén 

 Time resolved (KHz) imaging 

Although 2D investigations based on laser-sheet illumination may provide precise data in the 
targeted cross-section, there is a risk for misinterpretation of the data due to the missing out-of-
plane information. 

The high repetition rate of the DPSS Nd:YAG and dye laser system together with CMOS 
cameras and a high repetition rate image intensifier makes it possible to follow transient behavior 
in 2D cross-sections of turbulent flows. However, if some of the time resolution is sacrificed, it 
is possible to extend the recording to also cover the third spatial dimension. 

A common approach to forming a laser sheet for planar laser illumination can be seen in Figure 
4.4.1. To achieve a parallel displacement of the laser sheet during the scan, the scanning mirror is 
placed at the common focal point of the lenses.. 

 

Fig. 4.4.1. Schematic of a setup for pulse to pulse detection of the spatial energy 
profile: Cylindrical Lens (CL), Spherical Lens (SL), Quartz Plate (QP) and 
Dye Cuvette DC. 

For proper interpretation of the laser-induced signal, it is often essential to know the fluence in 
each pulse, i.e. the pulse energy and spatial energy profile. DPSS lasers can be stable if operated 
at their intended operating point. However, when pushing the pulse frequency to the maximum 
of what the laser can deliver, the output decreases towards the lasing threshold and becomes 
unstable. Unfortunately it is not only the pulse energy that fluctuates, but also the spatial energy 
profile.  It is thus not sufficient to measure the pulse energy on a pulse to pulse basis. The energy 
profile can be recorded by reflecting a fraction of the laser sheet energy into a dye cuvette. The 
fluorescence from the dye can then be recorded by the same camera as that which records the 
main signal or by a separate camera, as shown in Figure 4.4.1 (a sheet profiler). If the dye is 
excited in the linear regime, the fluorescence obtained is proportional to the laser sheet energy 
profile. Due to vignetting, caused by the walls in the dye cuvette, part of the light emitted 
towards the camera lens is blocked by the cuvette wall. This effect is more significant for the 
light origin furthest away from the camera. Thus, the recorded energy profiles cannot be 



 

compared directly with each other before the sheet profiler sensitivity at different sheet positions 
has been calibrated against a second detector (the diode in Figure 4.4.1). 

An important consideration in 3D imaging based on the scanning of a laser sheet is the time it 
takes to record a single 3D image. In direct comparisons with modeling data, the data from the 
model can be freely extracted at different time position and from different cross-sections. 
However, for further analysis of the flame front, one may want to calculate the entire surface at a 
specific position in time. For time-resolved 3D imaging this is possible by interpolating the 
spatial position of the flame front in a given scan to a common temporal position. To minimize 
the longest interpolation time, the target time for the interpolation should be set equal to the 
central scan position, as indicated in Figure 4.4.2.  An example of the impact of the time 
interpolation on the evaluated flame fronts is given in Fig 3.8. There the flame front at the center 
of the flame (corresponding to the position marked by arrows at the top of Figure 4.4.2) is 
plotted at four consecutive time position, both before and after time interpolation. To emphasize 
the effect, a subset of the data of high displacement speed of the flame front is shown at the 
position of the sheet having the strongest impact by means of the time interpolation. 

 

Figure 4.4.2. The measured depth positions of the laser sheet during a given period of scan- ning are represented by 
circles. The squares and the vertical line indicate the position and the target time for the interpolations. The arrows 
represent the interpolation process for one of the depth positions. 

 

 

Figure 4.4.3. The flame fronts in the center of the flame, corresponding to one of the end- points in the 
scan. In a the flame fronts are plotted prior to time interpolation, whereas in b the flame fronts have 
been interpolated to the central time positions. 

 



An example of the resulting flame front can be seen in Figure 4.4.4. There, the surfaces have 
been fitted to the calculated flame fronts by use of non-uniform rational B-splines (NURBS). 

 

Figure 4.4.4. Nine out of 1000 3D images of the calculated flame fronts recorded at 2 kHz. After low-

pass filtering, nonlinear diffusion filtering, Canny edge detection, post filtering and time interpolation have 

been carried out, the 2D flame fronts that have been identified were connected by use of NURBS 

interpolation. 

 

 Study of the Early Flame Development in a Spark-Ignited Lean Burn Four-
Stroke Large Bore Gas Engine by Fuel Tracer PLIF 

The pre- to main chamber ignition process in a Wärtsilä 34SG spark-ignited lean burn four-
stroke large bore optical engine (bore 340 mm) operating on natural gas has been studied. 
Unburnt and burnt gas regions in planar cross-sections of the combustion chamber are identified 
by means of planar laser induced fluorescence (PLIF) from acetone seeded to the fuel. The 
emerging jets from the pre-chamber, the ignition process and early flame propagation are 
studied. Measurements reveal the presence of a significant temporal delay between the 
occurrence of a pressure difference across the pre-chamber holes and the appearance of hot 
burnt/burning gases at the nozzle exit. Variations in the delay affect the combustion timing and 
duration. The combustion rate in the pre-chamber does not influence the jet propagation speed, 
although it still has an effect on the overall combustion duration. PLIF images also show that 
there is mainly lean unburnt gas, originating from the main-chamber, that exit the pre-chamber 
in the initial phase of ignition, indicating incomplete mixing of the gases in the pre-chamber 
prior ignition. These findings are also supported by CFD modeling performed on the Wärtsilä 
34SG combustion system. Similar to the air entrainment in a diesel spray, the jets exiting the pre-
chamber causes pronounced entrainment of compressed fresh charges into the burning jets, thus 
promoting heat transfer and subsequent ignition. Figure 4.4.5 illustrates the different steps taken 
to calculate the flame front positions. 



 

 

Fig. 4.4.5. Illustration of the procedure for calculation of the flame front. a) recorded acetone LIF signal corrected for 
distortions, laser sheet inhomogeneities and window fouling, here the pre-chamber tip can be seen in the top right 
corner. b) inverted image of the acetone signal with subtracted threshold. b) calculation of the column by column center 
of mass position. c) average intensity over a region around the center of mass position exceeding threshold value 
indicated with cross. d) derivative of the intensity value given in c).e) same as c) but with the calculated flame front 
indicated by a vertical line.. 

The positions of the leading edge of the flame jet are measured at different timing in the 
combustion cycle and are shown in Figure 4.4.6. As seen in the error bars the cycle to cycle 
variations correspond to about 20 mm or two CAD. 

 

Fig. 4.4.6. Flame front position with standard deviation relative the pre-chamber hole (left axis). Each data point consists 
of the average of 50 measurements. The average difference in pressure between the pre- and main-chamber is also plotted 
(right axis).. 

In Figure 4.4.7 the flame front positions from the individual measurements recorded at 7.7 CAD 
BTDC are plotted as a function of the timing in the pre chamber rate of heat release. It can be 



seen from this figure that the data correlates quite well indicating that variations in the pre-
chamber combustion influences the flame jet propagation in the main chamber. 

 

Fig. 4.4.7. Evaluated flame front recorded 7.7 CAD BTDC as a function of the timing of the peak in the pre-chamber 
RoHR. A linear curve is fitted to the data with a slope of 14.9 mm/CAD and R2=0.6. 

 

 Simultaneous imaging of dual species in turbulent premixed flames by High-
speed PLIF up to 50 kHz repetition rate 

Spatial and temporal resolved measurements are required in turbulent premixed flame studies, 
such as flame local extinction, healing and flashback. A simultaneous high speed 2-Dimensional 
imaging experiment of dual species has been performed in present study. A modified McKenna 
type burner was used to provide a turbulent premixed flame supported by the surrounding pilot 
flame. 

Figure 4.4.8 shows a sketch of the experimental setup. For the simultaneous OH/CH2O PLIF 
measurement, two different wavelength lasers were required. A beam splitter was used to split 
the 355 nm laser into two parts as shown in top view. 80% (~160 mJ/pulse which is the 
maximum input power for this OPO) of the laser power was reflected by the beam splitter to 
pump the OPO. The remaining 20% (~40 mJ/pulse) of the laser power (transmitted through the 
beam splitter) was used for excitation of CH2O. The signal wavelength generated by the OPO 
was tuned to 566nm, thereafter it was converted to 283 nm (~2 mJ/pulse) by a BBO crystal for 
excitation of OH radicals (Q1(6) line of A2∑+-X2∏(0,1)).  A Pellin-Broca prism was used to 
separate the 283 nm radiation from the residuals at 566 nm after the OPO.  Then a 355 nm laser 
was added to the 283 nm laser as shown in Fig. 4.4.8B: side view. Since the output laser beam 
from OPO is a little lower than the input. The two lasers overlapped on the top view, but on the 
side view the 283 nm laser was slightly lower than 355 nm laser. 



 

 

Fig. 4.4.8. Sketch of the experimental setup. 

Figure 4.4.9 shows a time resolved series of simultaneously captured CH2O-PLIF and OH-PLIF 
images of a turbulent premixed flame at 120 m/s jet-flow speed, Ф = 0.6. Images are in a time 
sequence from left to right, with a temporal separation of 20 μs between consecutive frames. 

 

Fig. 4.4.9. Time resolved simultaneous OH (red)/CH2O (green)-PLIF images sequence. 

By taking images simultaneously for OH and CH2O, it can be seen that the CH2O was ‘leaking’ 
through OH quenching hole. In the flame downstream, a bigger flame quenching hole can be 
observed. In Figure 4.4.9 a flame healing process could be followed in these image sequences. 

 



 Installation of a 100 kHz burst mode laser 

A burst-mode laser system, QuasiModo, was installed in Combustion Physics Division in 2014 as 
shown in Figure 4.4.10. The specification is shown in the table beneath. 

Name Quasimodo 

Pulse width 10 ns (adjustable) 

Duration of pulse sequences maximum 10 ms 

Spectral Bandwidth < 1 GHz 

Beam diameter 8 mm 

Frequency* 10 kHz  100 kHz 

Pulse energy @10 kHz @100 kHz 

@ 1064 nm 1.4 J 160 mJ 

@ 512 nm 600 mJ 53 mJ 

@ 355 nm 300 mJ 37 mJ 

@ 266 nm 90 mJ 10 mJ 

* Frequency can go up to 1 MHz, but the pulse energy will be lower. 

 

 

Fig. 4.4.10. Picture of the burst-mode laser. 

Figure 4.4.11 shows the experimental setup of CH2O measurement with LUPJ burner by means 
of this burst-mode laser. The laser was set to 100 kHz and 355 nm. A high speed camera and an 
intensifier were used to capture the fluorescence of CH2O. GG 385 filter was mounted in front 
of the camera to block 355 nm scattering light.  



 

 

Fig. 4.4.11. Experimental setup of CH2O measurement with LUPJ burner. 

Figure 4.4.12 illustrates the results of CH2O at different flow speeds. The result of high speed 
video showed that the interval between two frames, which is 10 µs, is short enough to follow the 
turbulence development of the jet flame at the flow conditions below 165 m/s. The changing of 
the wrinkles and small eddies in the flame was also obtained within temporal domain. 

 

Fig. 4.4.12. Results of CH2O measurement at different flow speeds 



4.5 Thermographic Phosphors 

Phosphor thermometry is a robust technique that is capable of delivering an accurate and precise 
temperature measurement in experimentally harsh environments such as those present in 
combustion devices. Phosphor thermometry (PT) utilizes ceramic materials known as 
thermographic phosphors. Thermographic phosphor displays temperature sensitivity of one or 
more of its emission characteristics. In a generalized manner, one can categorize these 
temperature sensitive characteristics into two categories. The first category, the temporal 
variation of the phosphorescence time transient signal is observed. Upon short UV-radiation 
excitation, typically around 6ns, the detected phosphorescence signal exhibits decay in intensity. 
The signal intensity decay can be approximated by a single exponential function with its 

characteristic decay-time (τ) parameter. Phosphor’s decay-time usually experiences a decrease as 
the temperature of the phosphor increases. A relation can be constructed between the decay-
time and the temperature, this relation is known as the calibration curve. Calibration curves are 
specific to each phosphor and even specific to the emission band used to collect the 
phosphorescence signal. The second category relies on the spectral properties of the emitted 
phosphorescence. The emission spectrum of some phosphors displays a variation in intensity 
with changing phosphor temperature. By collecting the emission from two spectral bands, the 
intensity ratio of the two bands can be utilized as a temperature sensing parameter as in the case 
decay-time in the first category. Depending on the desired measurement dimensionality and the 
equipment used, zero-D, 1-D and 2-D temperature measurements can be performed. 

Several factors should be taken into consideration if optimal precision and accuracy is desired. 
Phosphor calibration and detector linearity are considered the most critical parameters in terms 
of achieved accuracy and precision. Previous report has addressed these aspects in a preliminary 
manner as a stepping stone into further advanced experimentation and final remarks. This report 
will build on what was addressed previously and branch into detailed experimentation revolving 
around the topics of the investigation of photodetector linearity and the development of the 
calibration process. In addition, application of thermographic phosphors in combustion engines 
will be documented.  

 Detector-Induced Perturbation in Phosphorescence Time-transient Signal 

Detection 

Decay-time based temperature measurement requires using photodetectors to convert the 
collected radiation into transient electric signal that is measured by an oscilloscope. 
Photodetectors, if not used in the proper manner can introduce perturbations to the converted 
electrical signal and thus systematic error to the measured temperature. Detector biasing of the 
calculated decay-time can be attributed to multiple factors such as, electrical gain, incident light 
intensity, and the individual characteristics of the detector. Detectors can be easily driven into 
regions of non-linear operation, particularly in harsh experimental environments where signal 
intensity is low. Increasing the electrical gain of the photodetector can help increase the output 
signal, but with a higher possibility of affecting the time-transient phosphorescence signal. The 
lack of knowledge about the behavior of the photodetector used in the measurement of the 
phosphorescence decay-time can be mitigated by building a response matrix. The response 
matrix maps the decay-time calculated as function of the applied electrical gain of the detector in 
one hand and as function of the incident phosphorescence radiation intensity, while maintaining 
the phosphor at constant temperature. The behavior of the decay-time as function of the gain 



 

and light intensity can provide a solid idea about the regions of linear operation. Linear operation 
is defined as the region where the detector is behaving in a relatively constant manner regardless 
of the applied electrical gain or the intensity of the incident radiation. 

In a previous study, four different photodetector types were tested for their linearity properties 
at different temperatures. The detectors selected were the following, regular photomultiplier tube 
(PMT), time-gateable PMT, Micro-channel plate PMT, and avalanche photodiode (APD). After 
registering the response matrix of each detector type at different temperature and analyzing the 
linearity regions, it was concluded that the time gateable PMT (H11526-20-NF) provided a large 
linear region of operation compared to the rest of the tested detectors. This PMT exhibited the 
best compromise between signal quality, linearity, and time response. 

After investigating different types of photodetectors in terms of their linear capability in the 
detection of the phosphorescence decay-time with varying gain and light levels, the research was 
directed towards characterizing the differences, if present among identical detectors in terms of 
their production type. Four identical detectors from the same production series were selected for 
further testing. The detectors were of Hamamatsu PMT (H11526-20-NF type) model with the 
individual specifications, provided by the manufacturer, listed in the table below. 

Table 4.5.1. Specifications of the individual PMTs 

 

Serial number 

Cathode  
Sensitivity 
[µA/lm] 

Anode 
Sensitivity 

[A/lm] 

Anode  

Dark Current 
[nA] 

58590020 499 606 2.1 

58590039 326 1490 6.7 

58590040 412 1920 15 

58590043 460 6170 7.5 

minimum 350 350 10 

typical 500 1000 100 (max) 

 

From table 4.5.1 it can be noticed that PMT 58590039 has a cathode sensitivity that is lower than 
the minimum value specified by the manufacturer. Furthermore, PMT 58590043 has anode 
sensitivity that is almost 6 times the typical value. The variation observed in specifications among 
the different PMT is large considering that all of the PMTs belong to the same module series and 
produced by the same manufacture. Accordingly, variation in individual PMT response is 
expected and requires further investigation. 

A schematic of the experimental setup built for investigation the individual response of the time-
gateable PMTs is provided in figure 4.5.1. Pulsed UV-laser radiation at 266 nm (Quantel 
Brilliant-b) operating at 10Hz was used to excite the CdWO4 phosphor coated on a substrate. 
CdWO4 has a broad emission spectrum centered on 470 nm. Substrate temperature was 
monitored using four K-type thermocouples that were in direct contact with the sample. The 
windows of the electric oven were equipped with quartz windows and thermal insulator to 
maximize temperature homogeneity and reduce the heat convection to the surrounding 
atmosphere. The phosphorescence was collected onto a Hamamatsu PMT (H11526-20-NF type) 
using a spherical quartz lens (f = 300 mm). An interference bandpass filter (450 nm with FWHM 
of 40 nm) was mounted in front of the PMT to select the phosphorescence signal and to 



suppress spurious ambient light at other wavelengths. The laser energy can be attenuated using 
an attenuator while the phosphorescence signal can be varied by placing an iris in a close 

proximity to the collecting lens. The output signal of the PMT was read out over a 50 Ω resistor 
and digitized by the use of a 350 MHz Oscilloscope (LeCroy WaveRunner WA6030). For the 
experiments presented here, four nominally identical H11526-20-NF-type PMTs were 
sequentially used as a detector and exposed to CdWO4-phosphorescence, generated at either 294 
K or at 453 K. For each temperature, the light intensity impinging on the PMTs was changed at 
various different electrical gains and the phosphorescence decay time was extracted from the 
signal trace using a non-linear least-squares fitting algorithm. 

 

 

Figure 4.5.1. Experimental setup for investigating the response of detectors to laser-induced phosphorescence signal generated at different 
temperatures. 

The study of the PMT response as function of perturbation introduced to the measured decay-
time was performed by fixing the laser energy and varying the detector gain by changing the 
PMT control voltage applied. This testing strategy was selected to neutralize any possibility of 
laser energy related effect on the decay-time measured. Tests were performed at 293K and 454K 
and the calculated decay time was mapped as function of the peak phosphoresce signal level. 

 

 

Figure 4.5.2. Evaluated CdWO4 decay times, shown as a function of the detector voltage as affected by variations in gain at constant 
excitation radiation intensity for 294 K and 453 K. A measurement of PMT type H6780-04 at 294 K, displayed by using (×) 
markers, is presented for comparison purposes. 

By increasing the internal gain of the detector, the PMT output signal was increased from 300 
mV up to 2500 mV. The calculated decay-time showed an increase as function of increasing 



 

detector gain, which can be attributed to signal saturation. In addition, the phosphorescence 
decay-time seems to have no effect on the detector saturation as can be seen from the decay 

times at 293 K (τ ≈ 4.5 µs) and at 453 K (τ ≈ 43 ns). All the H11526-20-NF PMTs that were 
tested experienced weaker signal distortions, due to saturation as compared with the H6780-04 
PMT. These finding are coherent with the findings of studies conducted earlier on the response 
of different detector types. It is also important to point out the variations observed for the 
response of the four H11526-20-NF type PMTs. PMT 58590039 showed the largest deviation 
from the rest of the detector, which suggests that this variation could be induced by the lower 
cathode luminosity specified in that particular PMT. However, PMT 58590043 showed a normal 
response although the anode luminosity is almost 6 times higher than the typical value. It appears 
that high cathode sensitivity is advantageous to attain a linear signal response, whereas the effect 
of differing luminous sensitivities of the anodes does not show any clear dependence of this sort. 

 

 Developments in the Calibration Process of Thermographic Phosphors 

Phosphor calibration is a necessary step in the process of temperature measurement using 
thermographic phosphors. The calibration curve is phosphor specific and represents the 
behavior of the phosphor characteristics as function of temperature. An accurate and precise 
calibration is key factor in attaining the highest levels of precision and accuracy in thermographic 
phosphor based temperature measurement. This section focuses on the developments 
introduced into different aspects of thermographic phosphor calibration. The improvements 
implemented were in the form of hardware upgrade and in the form of software upgrade. The 
hardware upgrade included a brand new substrate that was designed to minimize thermal 
gradients within the substrate and provide reliable temperature readings. The simulation of heat 
transfer within the sample confirmed that the thermal gradients within the substrate are 
negligible at the heating rates achieved by the calibration oven. The software upgrade took the 
form of a novel automatic calibration routine capable of simultaneous and continuous 
acquisition of phosphorescence decay waveforms and thermocouple temperature. 

 

 

The substrate was manufactured from high performance and corrosion resistant Hastelloy-C 
alloy. The substrate was equipped with four type-K thermocouples sheathed with Inconel 600 
and embedded deep into the back side of the substrate for an improved thermocouple contact. 
The substrate design and the schematic of the experimental setup of the automatic calibration 
are shown in figure 3. The experimental setup is similar to the one previously described, except 
for the use of manganese-doped magnesium fluorogermanate (Mg3F2GeO4:Mn) phosphor that 
was excited using 355nm laser radiation instead. A typical calibration curve is composed of 

Figure 4.5.3. Hastelloy-C calibration substrate plate design (left), Experimental setup (right) 



several fixed temperature points acquired by averaging a number of decay curves at a single 
temperature, while assuming temperature equilibrium, and thus creating a single point on the 
calibration curve. This process is time consuming, considering the requirements for temperature 
quasi-equilibrium with wide phosphor temperature range. Typically, an interpolation smoothing 
polynomial is used to fill the gap between the points to obtain a calibration curve that covers the 
temperature range of interest. Interpolated temperature gaps in the calibration measurement, 
however, pose a potential for accuracy errors, depending on deviations between the fit and the 
true phosphor behavior. The development of an automated calibration routine has several 
advantages, such as reduced acquisition time and higher calibration curve accuracy are the main 
improvements achieved with this setup. To evaluate the developed calibration scheme, 
Mg3F2GeO4:Mn was chosen as the test phosphor due to its wide temperature sensitivity range, 
extending from around 3 ms at 290 K to around 50 ns at 1100 K. A Hamamatsu H11526-20-NF 
photomultiplier tube was used as the detector. According to recent investigations, this PMT type 
showed superior signal linearity compared to other detector types. Spectral selection of the 
phosphorescence was done using an interference filter centered at 656 nm and FWHM of 10 nm 
along with a long-pass filter with a cutoff wavelength at 400 nm to further suppress unwanted 

radiation. 

  

Figure 4.5.4. Illustration of the individual processes occurring in the automatic routine’s processing cycle after each acquisition initiation 
(left). Emission spectra of Mg3F2GeO4:Mn thermographic phosphor after excitation by UV laser radiation at 355 nm. 

The automatic routine was based upon a cycle of individual processes that were executed in a 
certain order then repeated until the calibration measurement was completed. An illustration of 
the individual processes incorporated in the automatic routine is shown in figure 4. The 
simultaneous acquisition of temperature and phosphorescence waveform was initiated by a 
trigger signal. Then by using an online fast routine, the exponential decay-time was evaluated and 
accordingly the waveform was sparsed into a lower data-point density waveform while 
preserving the shape of the waveform. Afterwards, the sparsed waveform and the registered 
thermocouple temperatures were combined into a single file and saved on the hard-disk of the 
digital oscilloscope.   

In the automated calibration setup, the electric oven was heated continuously, creating thermal 
gradients across the substrate. Thermal gradients can produce a bias in the calibration because of 
the difference between temperatures experienced by the TP coating and those measured by the 
thermocouples. The understanding of the magnitude of thermal gradients present in the 
substrate is vital. For that purpose, a heat transfer model was created using COMSOL 
Multiphysics software to simulate the thermal conditions of the substrate under continuous 
heating. The software solved the conductive heat transfer equation using the finite element 



 

method. The model solver chosen was time dependent to observe the development of thermal 
gradients and temperature as function of time. 

After solving the heat equation using the initial parameters, a temperature distribution across the 
modelled substrate volume was obtained. A three dimensional distribution of temperatures 
attained at time t = 3600 seconds is displayed in Fig. 5. The temperature spread is around 0.4 K 
indicating small temperature gradients across the sample. This heat transfer study confirms that 
the thermal gradients are of negligible magnitudes up to heating rates of 4 K.min-1.  

 

The good match between the conventional and automatic calibration routine, as shown in fig. 5, 
is a clear indication of the stability of the new calibration routine. The benefits of the automated 
calibration system are first improvement in temperature accuracy. Second, calibration duration is 
shortened by a factor of four due to continuous heating. Third, in spite of the reduced 
acquisition time a significantly more dense calibration library is created. 

 Thermographic Phosphors in Large-bore Two-stroke Diesel Engine 

With the enforcement of increasingly more stringent emission limits on marine vehicles, there is 
an increasing demand for environmentally and economically sound marine engines. Higher 
efficiency levels of internal combustion engines can be achieved by increasing the boost level and 
the compression ratio. This can lead to a change in the cylinder heat loads, which makes the 
monitoring of the surface temperature of critical engine components of high significance. Due to 
thermal changes occurring in the engine, in-cylinder measurements have proved to be 
challenging. Thermographic phosphor presents a sound technique for engine component surface 
temperature measurement that is remote and precise. This work represents the application of TP 
for cylinder wall temperature measurement in a large-bore two-stroke 4T50ME-X marine 
research engine (MAN Diesel & Turbo, Copenhagen, Denmark). This engine is a turbocharged 
low-speed two-stroke diesel engine that was configured for optical tests. The standard 
configuration of the engine is listed in table 2. The engine is of the uniflow scavenged type, with 
air intake ports at the bottom of the cylinder and a centrally located exhaust valve at the top. The 
in-cylinder flow is defined by a strong swirling motion introduced with the scavenging air. In 
standard configuration, each cylinder is equipped with two separate fuel injectors, each having 

Figure 4.5.5. Three dimensional temperature distribution (K) of the Hastelloy substrate disk at t = 3600 s (left). Automatic and 
conventional calibration curves for the thermographic phosphor Mg3F2GeO4:Mn (right). 



four nozzle holes. The fuel injection and exhaust valve systems are electronically controlled and 
hydraulically actuated. The cylinder used for optical testing can be independently controlled, and 
even motored by the remaining cylinders. The engine was operated on marine gas oil. For this 
study, one atomizer was employed on the test cylinder with a single 0.8 mm diameter nozzle 
hole. 

 

The engine was fitted with optical cylinder head that is equipped with 24 ports, both from the 
top (10 vertical ports) and from the side (14 horizontal ports). Each of those ports can be either 
used as an optical port or fitted with a fuel injector. Inserts fitted with sapphire windows at the 
front are mounted into the ports and used for laser illumination and signal detection, as seen in 
experimental setup depicted in fig. 6. CdWO4 phosphor was coated on the cylinder wall insert 
that was later excited by 266 nm pulsed UV-radiation using a port equipped with a sapphire 
window. The phosphorescence radiation emitted by CdWO4 was collected through an adjacent 
port that was also equipped with sapphire window. The phosphorescence was then collected 
onto a Hamamatsu H11526-20-NF type PMT by the means of a lens. An Interference filter 
centered at 450 nm with a FWHM of 40 nm was selected to spectrally narrow the detected 
phosphorescence. The cylinder at which the measurements occurred was operated in two modes, 
fired mode and motored mode. In motored mode, the measurement cylinder was motored by 
use of the other three cylinders. The temperatures are plotted along with cylinder pressure versus 
crank-angle degrees (CAD). Top dead center (TDC) and bottom dead center (BDC) piston 
positions refer to 0 CAD and 180 CAD, respectively. In motored engine mode, two engine loads 
were selected for the driving the cylinders (12% and 23% load). While for the Fired engine 
mode, operating loads of 23% (75 rpm) and 54% (100 rpm) were selected. The registered 
cylinder wall temperatures at different loads and operation modes are shown in figure 7. All of 
the temperatures presented are averaged over 50 single-shot measurements with error bars 
representing standard deviations. For the motored mode, the registered baseline temperatures of 
the cylinder wall are constant around 435 K and 445 K for the 12% and 23% load. The peak 
temperatures registered were 449 K and 463 K. A minor temperature drop is noticed around 120 
CAD. This temperature drop is due to the expansion of the gases (exhaust blow down) and was 
estimated to be around 5 K. On the other hand, for the fired motor operation, the peak 
temperatures reached were 470 K and 486 K for 23% and 54% load, respectively. The baseline 
temperatures were 450 K and 470 K, which is higher than the baseline temperatures obtained 
from the motored engine operation. Standard deviations obtained for 50 cycles were around 2-
3 K with the exception of the large standard deviations of ±8 K, seen during the opening of the 
exhaust valve. 



 

 

Figure 4.5.6. Average cylinder wall insert temperature as function of crank angle degrees for: (Left) motored engine operation at 
driving cylinders load of (a) 12% (60 rpm) and (b) 23% (75 rpm). (Right) fired engine operation at (a) 23% load (75 rpm) and (b) 
54% load (100 rpm). 

 

 Temperature Sensing Capability for Gas Turbine Applications 

Gas turbines have grown to be prevalent devices energy generation due to their high efficiency. 
The leap in gas turbine efficiency is attributed to the introduction of thermal barrier coatings 
(TBCs) that allowed the engine to operate at higher temperatures. Thermal barrier coatings, as 
the name indicate, acts as a thermal protective layer for various metallic components of the 
turbine to reduce the thermal load. TBCs are usually applied to engine components that are more 
prone to experience relatively elevated temperatures, thus prolonging the lifetime of the engine 
along with significant increase in efficiency. Recently, a project with Siemens and University 
West has been launched that aims towards investigating and utilizing TBCs as temperature 
sensing material. The main principle is to dope the TBC with rare-earth element that essentially 
converts the TBC into thermographic phosphor while preserving its thermal properties.  

After a literature search, Dysprosium (Dy) was chosen as the rare-earth metal dopant for the 
TBC. The TBC obtained was Dysprosium Stabilized Zirconia (DySZ) with 10% (by weight) 
Dysprosium content.  

A series of investigations were conducted to assess the temperature sensing capabilities of the 
DySZ especially at high temperatures. DySZ was effectively excited using 355 nm laser radiation 
generated by an Nd:YAG laser. The resulting emission spectrum showed the existence of three 
main emission bands centered on 458 nm, 485 nm, and 585 nm. Figure 8 shows the collected 



emission spectrum at different elevated temperatures. The spectroscopic investigation shows that 
DySZ has emission bands that are temperature sensitive and can be accordingly used for 
temperature sensing by calculating the Intensity ratio of two of the emission bands. By doing so, 
one can acquire a temperature calibration of the emission intensity ratio as function of 
temperature. In addition, the decay-time properties of the Dy emission were characterized to 
evaluate its temperature sensing potential.  

 

 

 

DySZ has proven to possess the temperature sensing capabilities that can be utilized to obtain 2-
D and zero-D temperature measurements using the Intensity ratio and the decay-time, 
respectively. After these findings, the DySZ TBC will be applied on gas turbine components for 
temperature measurements in an upcoming measurement campaign.  



 

4.6 Picosecond laser diagnostics 

In the early spring in 2011 the division received a 
new diagnostic system based on an advanced 
picosecond laser arrangement, which is shown in 
Fig. 4.6.1. The picosecond laser system consists 
of an Nd:YAG laser (Ekspla PL 2143 C) whose 
1064-nm laser beam is further amplified by an 
amplifier unit (Ekspla APL70-1100). About 100 
mJ at 355nm is used from the amplifier to pump 
two Optical Parametric Generator (OPG) 
systems (Ekspla PG 401-P80-SH). The PG 401-
system is divided into two parts, one optical 
parametric generator (PG) and one second 
harmonic generator (SH). The OPGs are tunable 
in a broad wavelength range, 210-680nm and 
740-2300nm, via a signal beam (visible region) 
and an idler beam (IR region) by tuning the PG 
or the SH stage (UV region), respectively. The 
laser pulses have pulse duration of 80ps and a 
pulse repetition rate of 10Hz. The generated 
beam has a diameter of 18mm and the laser 
linewidth varies between 4 and 9cm-1 depending 
on the wavelength. The output laser pulse energy 
is strongly dependent on the wavelength and 
varies from approximately 280µJ at 2200nm to 
5.8mJ at 460nm. Various combinations of the 
dual picosecond-OPG-system with a streak 
camera (Optronis, Optoscope) and an ICCD 
(Princeton Instruments, PI-MAX III) allow a variety of different combustion diagnostics, such as 
quantitative laser-induced fluorescence (LIF), light detection and ranging (LIDAR), pump-probe 
experiments like photofragmentation LIF, lifetime imaging, et cetera. 

 Simultaneous OH and CO lifetime measurements along a line 

M. Jonsson, A. Ehn, M. Christensen, M. Aldén and J. Bood  

Quantitative species concentration measurements are of significant importance to fully 
understand combustion processes, pollutant formation, and to develop models of the complex 
chemical kinetics. Laser-induced fluorescence (LIF) is the most common technique to measure 
relative concentrations of minor species in combustion environments. Unfortunately, the 
generated fluorescence-signal strength is not only dependent on the species concentration, but is 
also dependent on which molecules the excited species collide with; a phenomenon termed 
quenching as it quenches (reduces) the emitted fluorescence. Hence the LIF signal is generally 
dependent on the local conditions, i.e. chemical composition, temperature and pressure. The 
quenching rate can be determined by measuring the fluorescence signal temporally resolved, 
which for example can be done using a picosecond laser and a streak camera (ultrafast camera). 

By using the new picosecond laser system and overlapping the two tunable OPG beams, the 
quenching rate of two species can be investigated simultaneously in one dimension (along a line). 

 

 

Fig. 4.6.1 Image on the advanced picosecond laser 
system. A indicates the Nd:YAG laser and B the 
amplifier. The generated 355-nm beam is split into two 
beams pumping the two OPG/OPA systems (C). 



Ultimately, absolute concentrations of the two species can be measured simultaneously, which is 
information of utmost value for the development of chemical kinetics models. Quenching rates 
of CO and OH have been measured in a methane/air Bunsen flame, at for different fuel/air 
mixtures. CO and OH were excited with a laser beam at 230 nm and 308.95 nm, respectively. 
There was a delay between the 230-nm and 309-nm laser pulses of around 3ns. Figure 2 shows 
an example of a recorded streak camera image. The shorter signal to the left is the detected CO 
fluorescence, while the longer signal to the right is the longer OH fluorescence. Fluorescence 
lifetimes are determined via exponential fits to the fluorescence signal curves, from which 
quenching rates are extracted by calculating the inverse of the fluorescence lifetimes. 

The measured one-dimensional lifetime profiles generally agree well with lifetimes calculated 
from quenching cross sections found in the literature and quencher concentrations predicted by 
the GRI 3.0 mechanism, see Fig. 4.6.3. For OH there is a systematic deviation of approximately 
30% between calculated and measured lifetimes. It is found that this mainly is due to the 
adiabatic assumption regarding the flame and uncertainty in H2O quenching cross section. This 
emphasizes the strength of measuring the quenching rates rather than rely on models. 

 

Fig 4.6.2 A streak-camera image of the CO and OH signals. The vertical axis in the image is the radial direction in 
the flame, while the horizontal axis is time in the unit of nanoseconds. 

 

 

Fig 4.6.3. a) Experimental (symbols) and calculated (lines) radial profiles of OH fluorescence lifetimes at four different 
equivalent ratios. b) Experimental (symbols) and calculated (lines) radial profiles of CO fluorescence lifetimes at two different 
equivalent ratios. 

 



 

 Dual Imaging Modeling Evaluation for fluorescence lifetime imaging 

A. Ehn, O. Johansson, M. Aldén and J. Bood 

A fluorescence lifetime imaging (FLI) technique was developed to perform quantitative 2-D 
measurements. This technique, contrary to traditional FLI techniques, allows both averaged and 
single-shot measurements. The method is based on measuring fluorescence lifetimes, which in 
most cases are dependent on non-radiative transfer processes such as quenching. Quenching is 
dependent on a number of parameters, such as temperature, ambient quenching species 
concentrations, and pressure. In designed flow systems, only one of these parameters can be 
varied as the others are held fix, allowing quantitative gas phase measurements of temperatures 
as well as quencher molecule concentrations. Studies have been performed where the 
fluorescence lifetime of toluene has been measured as a function of oxygen partial pressure. A 
typical single shot image of such a measurement is show in Fig. 4.6.4a. 

 

Fig. 4.6.4. (a) Fluorescnece lifetime imaging image of a toluene seeded gas air jet. A surrounding coflow of nitrogen 
is mixed with the gas jet as it propagates downstream and brighter areas show longer fluorescence lifetimes.(b) 
Fluorescence lifetime measurements data performed in well controlled conditions using different seeding gases (with 
different partial pressures of O2). The FLI data is shown as rings with errorbars that corresponds to the standard 
deviation from 100 single shot data. The lines show lifetimes from the same measurements that were determined by a 
streak camera. 

This was demonstrated in a paper by Ehn et al.[A] where single shot FLI data were validate by 
streak camera measurements (Fig. 4.6.4b). Further, the experimental scheme allowed, for the first 
time, FLI to determine sub-nanosecond lifetimes in single shot, which is one order of magnitude 
smaller than what previously has been published. 

In model flow systems designed for fundamental fluid dynamic studies the different gases can be 
chosen to merely allow one constituent dominant as a collisional quenching partner. In such 
measurements the lifetime of fluorescing species is directly related to number density of the 
collisional quenching partner. Such a system is toluene/oxygen/nitrogen (C7H8/O2/N2) where 
266 nm excitation of toluene is followed by a fluorescence signal emitted around 300 nm. The 
lifetime of toluene at standard temperature and pressure is strongly influenced by the oxygen 
concentration in the ambient air and the relationship between p[O2] and τ is seen in Fig. 4.6.5a. 
By performing fluorescence lifetime measurements, using DIME, in such environments 
quantitative oxygen measurements can be conducted in 2D, which is displayed in Fig. 4.6.5b. 



 

Fig. 4.6.5 (a) Fluorescence lifetimes of toluene (after 266 nm excitation) vs partial pressure of molecular oxygen. (b) 
Quantitative oxygen concentration measurement determined from FLI data. The blue area in the center corresponds to a 
laminar flow of oxygen rich gas whereas the yellow area displays a coflow that contains less oxygen. 

 

 Evaluation of temporal filtering for fluorescence rejection in Raman 
spectroscopy 

A. Ehn, M. Aldén and J. Bood 

Interference from laser-induced fluorescence is a well-known problem in Raman spectroscopy. 
Different filtering schemes have been proposed and demonstrated to suppress interfering 
fluorescence, such as spectral and polarization filters, wavelength modulation concepts, as well as 
temporal filters, to refine Raman signatures. The current work focuses on temporal filtering 
utilizing intensified CCD cameras and ultra-short laser pulses. An evaluation tool is presented for 
assessing the expected performance of the concept in various Raman spectroscopic applications. 
The evaluation tool is developed by simulating the detection system response to laser-induced 
fluorescence and Raman signals in the temporal regime. A two-level system was solved using 
density-matrix formalism and the simulated results agree well with experiments performed in 
toluene. 

The principle idea of temporal filtering is fairly straightforward. Basically the ICCD camera gate 
is used to discriminate against interfering fluorescence, whose lifetime is typically significantly 
longer than the duration of the Raman signal, which essentially follows the laser pulse duration, 
as shown in Fig. 6. A mathematical description of ICCD-camera detection in pixel (x,y) can be 
written as 

     



 dtyxtStGyxI ,,,   ,   (1) 

where G is the camera gate function and S is the signal. An experimental system with known 
temporal jitter, laser pulse duration (tFWHM) and rise time of the ICCD camera gate can be 
evaluated as a temporal filter for certain lifetimes of the interfering fluorescence (τ), relative 

intensities of the fluorescence and Raman signal (), and gate delay times (δ). A parameter that 
indicates the “cleanness” of the signal is the Signal-to-Signal-and-Interference-Ratio (SSIR), 
which describes how large the Raman signal is in comparison with the total signal. This 
parameter can be estimated with the following expression 
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1
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where R can be found in Fig. 7a for a certain laser-pulse width (tFWHM) and gate delay time (δ). 
Further, when temporal filtering is applied, not only fluorescence signal but also a part of the 
Raman signature may be suppressed. The fraction of Raman signal that is being captured, 
designated T, can be found in Fig. 7b for a certain gate delay and laser pulse width. Evaluation 
data for a range of fall times of the ICCD camera gate as well as shorter lifetimes of the 
interfering fluorescence can be found in, where also a detailed description of different aspects on 
temporal filtering in Raman spectroscopy is presented. 

 

Fig. 4.6.6 Principle sketch of the temporal filtering scheme using a gated ICCD camera. The black solid curve is the 
ICCD camera gate; the dashed green and red curves are the Raman and fluorescence signal, respectively, whereas the solid 
blue curve is the total signal. The gray area denotes the detected signal, which is the integrated product of the total signal and 
the camera gate 

 

Fig. 4.6.7. Values of R (a) and T (b) can be estimated for certain laser-pulse widths (tFWHM) and ICCD camera-delay 
times to evaluate the cleanness (SSIR) and the amount of Raman signal that is captured. Here the fluorescence lifetime of the 
interfering fluorescence is 3 ns and the fall times of the ICCD camera is 800 ps. 

 

 Investigations of sum-frequency generation spectroscopy 

C. Brackmann, J. Bood and M. Aldén 

In order to extend the techniques for gas-phase diagnostics with possibilities of species detection 
on solid or liquid surfaces sum-frequency generation (SFG) spectroscopy has been investigated 



using the picosecond laser equipment available at the Division of Combustion Physics. A 
schematic experimental setup is shown in Fig. 4.6.8a. Signal and idler laser beams generated by 
an OPG unit at 460 and 1700 nm, respectively are combined at a sample. Sum-frequency 
generation of the laser beams in the sample result in the generation of an SFG signal propagating 
as a coherent beam at 355 nm emerging from the sample. While the SFG process can be induced 
in a range of materials and surface geometries with appropriate symmetry conditions, the process 
is significantly enhanced when the laser beam frequency matches molecular resonances in the 
sample. This is exemplified by the SFG spectrum shown in Fig. 4.6.8b, measured on glucose 
crystals when scanning the OPG wavelengths. An enhanced SFG signal is obtained at 
wavenumbers around 2930 cm-1 as the laser probes the first overtone of the glucose CH-stretch 
vibrational transitions. While this demonstrates that the equipment allows for sum frequency 
generation diagnostics additional equipment to access more suitable wavelengths is necessary for 
sensitive species detection at surfaces. 

 

Fig. 4.6.8 a) Schematic of setup for sum frequency generation at 355 nm combining the signal and idler beams from a 
picosecond optical parametric generation (OPG) unit. b) Sum frequency generation spectrum measured on glucose crystals. 

 Picosecond laser diagnostics of nitrogen compounds 

C. Brackmann, B. Zhou, Z.S. Li and M. Aldén 

The need for a sustainable energy production has increased interest in renewable biomass-
derived fuels, which include nitrogen as a component. Efficient utilization of these fuels thus 
makes improved understanding of fuel-nitrogen combustion highly relevant. Experimental 
studies of combustion that involves fuel-nitrogen chemistry require further development of 
laser-based methods for measurements of nitrogen-species and radicals, for example NH3, NH, 
and CN. Techniques based on ultrashort pico- and femtosecond laser pulses are less influenced 
by effects of molecular collisions facilitating quantitative diagnostics. Thus, detection of nitrogen 
compounds using ultrashort laser pulses is able to provide relevant quantitative data for 
characterization of combustion fuel-nitrogen chemistry. Figure 4.6.9 shows examples of results 
from picosecond laser-induced fluorescence measurements of nitrogen compounds in ammonia-
air flames with excitation fluorescence spectra of NH3, NH, CN, and NO presented in Fig. 
4.6.9a-d. Picosecond pulses are sufficiently short to allow for evaluation of effective lifetimes 
from fluorescence decay curves as exemplified for NO in Fig. 4.6.9e. The lifetime provides a 
measure of collisional quenching and allows for quantification of fluorescence signals into 
species concentrations. This is exemplified in Fig. 4.6.9f by NO concentration profiles evaluated 
from data measured in planar ammonia-air flames of equivalence ratios φ=0.9 (circles) and φ=1.0 
(crosses). 



 

 

Fig. 4.6.9 Picosecond excitation laser-induced fluorescence of nitrogen compunds. Fluorescence excitation spectra of a) NH3, 
b) NH, c) CN, and d) NO. e) Experimental (dotted) and fitted (solid grey) No fluorescence decay curves. f) NO 
concentration profiles measured in planar NH3-air flames of equivalence rations φ=0.9 (circles) and φ=1.0 (crosses). 

 Fragment fluorescence in methane/air mixtures using picosecond multi-
photon excitation 

M. Jonsson, J. Borggren, M. Aldén and J. Bood 

In this work an 80-picosecond laser pulse at 266-nm with an intensity of 1.9·1011W/cm2 was 
used for multi-photon dissociation of methane/air gas mixtures at atmospheric pressure and 
temperature. Emission spectra from photofragments were, for the first time, studied under 
ultrahigh temporal resolution using a streak camera. Fluorescence spectra corresponding to CN 
(B-X), CH (C-X, B-X, A-X), NH (A-X), OH (A-X) and N2

+ (B-X) were recorded with an ICCD 
camera coupled to an spectrometer and analyzed, see Fig. 10. By fitting simulated spectra to 
high-resolution experimental spectra (red lines in Fig. 10) of CN (B-X), CH (C-X), NH (A-X) 
and OH(A-X), rotational and vibrational temperatures can be estimated, which shows that these 
fragments are formed in highly excited vibrational and rotational states. From the time-resolved 
spectra collected with the streak camera connected to a spectrograph, fluorescence lifetimes can 
be obtained, see Fig. 11, for a time-resolved image of the fragment emission. These data also 
indicate that the fragments are created approximately 200 ps after the arrival of the laser pulse, 
suggesting that the fragments are formed through chemical reactions between methane and 
nitrogen.  

 



 

Fig. 4.6.10 Fluorescence spectrum (black) of the fragments induced by intense 80-picosecond laser pulse. The 
identified fragments are denoted in the figure and the image was collected over 500 laser shots. The red spectra are 
highly resolved spectra of the different fragments. 

 

Fig. 4.6.11 A spectrally resolved streak camera image of the induced fluorescence. The identified fragments are 
denoted in the figure and the image is collected over 15000 laser shots. 

 Picosecond Photofragmentation laser-induced fluorescence 

M. Jonsson, K. Larsson, J. Borggren, M. Aldén and J. Bood 

Previously, our group has developed and demonstrated PFLIF with nanosecond (ns) laser pulses 
for two-dimensional imaging of H2O2 in an HCCI engine and HO2 in laminar flames. In the 
flame study, photochemical induced interference signal from hot CO2 was observed in the 
product zone of the flame. It was concluded that hot CO2 is photodissociated by the pump pulse 
into CO and O, whereupon the O atoms rapidly (on the nanosecond time scale) form OH upon 
reactions with H2O or H2. The intensity of the interfering signal was found to depend strongly 



 

on the pump-probe delay time, and with nanosecond pulse duration for both the pump and 
probe pulses, the shortest time delay was limited to 10 ns. For this time delay, the interfering 
signal intensity was of the same order of magnitude as the signal stemming from hydrogen 
peroxides. However, shorter laser pulses, on the other hand opens up the possibility to perform 
PFLIF with shorter pump-probe delay times. 

In the present study, PFLIF experiments based on picoseconds (ps) laser pulses have been 
performed in a laminar stoichiometric methane/air flame at atmospheric pressure. Picosecond 
laser pulses potentially allow for a strong suppression of the photochemical interference from 
CO2 since the pump-probe delay can be made extremely short, ultimately set by the laser pulse 
duration (80 ps in this case). By varying the pump-probe delay time (0.5-22.5 ns), the created 
OH-photofragment signal from the reaction zone was spectrally investigated, as well as the 
interfering photochemical induced signal in the product zone, due to CO2 photolysis. From the 
spectrally resolved images, the ps-PFLIF signal profiles at different pump-probe delay times 
could be investigated, see Fig. 4.6.12. By using short (<5 ns) pump-probe delay times, the 
photochemical induced interferences in the product zone was virtually eliminated. The extremely 
short pump-probe delay times made it also possible to investigate the rotational population 
dynamics of the created OH(X2Π)-photofragments in the reaction zone. From excitation spectra 
at different pump-probe delay times, it is found that the OH-photofragments are created in a 
non-thermal distribution and that they relax to thermal equilibrium within a few nanoseconds. 

 

Fig. 4.6.12 ps-PFLIF signal profiles at different pump-probe delays (0.5-22.5 ns) collected with the spectrograph 
coupled to the ICCD camera. 

 



4.7  Photofragmentation laser-induced fluorescence (PF-LIF)  

Simultaneous visualization of H2O/H2O2 

K. Larsson, O. Johansson, J. Bood 

A concept based on a combination of photofragmentation laser-induced fluorescence (PFLIF) 
and 2-photon laser-induced fluorescnence (LIF) is demonstrated for simultaneous detection of 
hydrogen peroxide (H2O2) and water (H2O) vapor. Water detection is based on 2-photon 
excitation using an injection-locked KrF excimer laser (248.28 nm), which induces broadband 
fluorescence (400-500 nm) from water, see Fig. 4.7.1. The same laser simultaneously 
photodissociates H2O2, whereupon the generated OH fragments are probed by LIF after a time 
delay of typically 50 ns, using a frequency-doubled dye laser (281.91 nm). Experiments in six 
different H2O2/H2O-mixtures of known compositions show that both signals are linearly 
dependent on respective species concentration. 

 

 

Fig. 4.7.1 Spectroscopic characterization 
of H2O using a KrF excimer laser. (a) 
Complete picture of the fluorescence 
signals, with excitation wavelength on the 
horizontal axis and emission wavelength 
on the vertical axis. (b) Emission 
spectrum for excitation at 248.29 nm. 
Note that the intensity scale has not been 
corrected for the wavelength-dependent 
sensitivity of the spectrograph and CCD 
camera (c) Excitation spectrum of  Č – 
Ã fluorescence. (d) Excitation spectrum of 
OH(A-X) fluorescence. 

 

For the H2O2 detection there is a minor interfering signal contribution from OH fragments 
created by 2-photon photodissociation of H2O. Since the PFLIF signal yield from H2O2 is found 
to be ~24000 times higher than the PFLIF signal yield from H2O at room temperature, this 
interference is, however, negligible for most H2O/H2O2 mixtures of practical interest. 
Simultaneous single-shot imaging of both species was demonstrated in a slightly turbulent flow, 
see Fig 2. For single-shot imaging the minimum detectable H2O2 and H2O concentration is 10 
ppm and 0.5%, respectively. The proposed measurement concept could be a valuable asset in 
several areas, for example in atmospheric and combustion science and research on vapor-phase 
H2O2 sterilization in the pharmaceutical and aseptic food-packaging industries. 



 

 

Fig. 4.7.2. Simultaneously recorded single-shot images of H2O2 (a) and H2O (b) distributions. 

 

Simultaneous measurements of H2O2/H2O using band distributions 

K. Larsson, J. Bood 

Given that H2O2/H2O 
vapor is surrounded by a 
gas that has low cross 
section for collisional 
quenching of OH 
fluorescence, for example 
argon, the intensity ratio 
between the fluorescence 
emitted in the 0-0 and 1-1 
vibronic bands is strongly 
dependent on the water 
concentration, as can be 
seen in Fig 3. Thus, H2O 
concentration can be 
extracted by measuring 
this ratio. 

An analytical expression 
for the ratio between the 
fluorescence emitted in 
the 1-1 band (F11) and the 
0-0 band (F00) can be 
written: 

𝐹11

𝐹00
=

𝐴11

𝐴00
∙

𝑞𝐴𝑟∙(1−𝑥)+𝑞𝐻2𝑂∙𝑥

𝑘𝐴𝑟∙(1−𝑥)+𝑘𝐻2𝑂∙𝑥
 ,   (1) 

where A11 and A00 are the Einstein coefficients for spontaneous emission in the 1-1 and 0-0 
band, respectively, qAr and qH2O are quenching rate constants (v’ = 0) for argon and H2O, 
respectively, kAr and kH2O are vibrational energy transfer (VET) rate constants for argon and 
H2O, respectively, and x is the H2O mole fraction. Quenching and VET due to H2O2 has been 
neglected due to its low concentration. 

 

Fig. 4.7.3. OH fragment fluorescence spectra recorded in two different H2O2/H2O 
mixtures (argon bath gas). The difference in H2O concentration is manifested by the 
different intensity ratios between the 0-0 and 1-1 bands. 



The method may readily be used for single shot 2-D imaging using a spectral filter with a sharp 
transmission edge at 312 nm. However, instead of filtering in the spectral domain, it is also 
possible to sense the F11/F00 ratio by temporal filtering, since F11 has a faster decay than the F00. 
We believe that this new technique can be a valuable diagnostic tool in many applications, for 
example the aseptic food packaging industry, where in-situ visualization of H2O2 and H2O is of 
great interest. 

 

Ozone imaging using PFLIF 

D. Hot, K. Larsson, J. Bood 

Ozone, O3, is a gas that is familiar for most people due to its crucial importance in the 
atmosphere. In the atmosphere ozone is naturally created from UV radiation of the sun, which 
photolyses oxygen molecules, O2, according to:  

O2 + h O + O 

O + O2 O3 , 

where his a photon whose wavelength is shorter than 240 nm. Except for ozone’s great 
importance in atmospheric chemistry it is also of vital importance in other technical field, e.g. 
combustion and sterilization of food packages. For the latter case Tetra Pak uses electron 
bombardment and plasma to sterilize food packages, where ozone is created as an undesired 
byproduct. 

In the present work we have investigated the spectral characteristics of Ozone by photolysis of 
O3 by a KrF excimer laser. The procedure is as follows: 

                                            𝑂3 + ℎ𝜈248𝑛𝑚  → 𝑂( 𝐷)1 + 𝑂2(𝑎1Δ𝑔) 

                                            → 𝑂( 𝑃)3 + 𝑂2(𝑋3Σ𝑔
−, 𝑣′′ > 0 ) 

                 𝑂2(𝑋3Σ𝑔
−, 𝑣′′ = 6,7 ) + ℎ𝜈248𝑛𝑚 →  𝑂2(𝐵3Σ𝑢

−, 𝑣′ = 0,2 ) 

The created O2 fragment is highly vibrational excited and undergoes excitation of the same laser 
pulse as photofragments from the O3 molecule. Both excitation and emission spectra was 
investigated as well as power dependence and detection limits. Finally a 2D demonstration of a 
turbulent ozone flow is depicted in Fig. 81. 

 

Fig.4.7.4. 2D image of O2 LIF stemming from photolysis 
of O3 in an ozone flow providing roughly 32 000 ppm 
ozone. A KrF excimer laser was used for both photolysis of 
O3 and LIF of O2 fragments with a fluence of 1.1 J/cm2. 
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Two-dimensional quantitative imaging of H2O2/HO2 in an optical HCCI-engine 

M. Jonsson, G. Coskun, J. Bood, M. Tunér, M. Algotsson, B. Li, Z.S. Li, H. S. Soyhan, M. Aldén, B. 
Johansson 

Recently the PFLIF technique was applied to measure H2O2/HO2 concentrations in an optical 
HCCI engine. A 266-nm pulse was used as pump beam to dissociate the hydrogen peroxides into 
OH-fragments, while the probe pulse was tuned to the Q1(6) transition at 282.92 nm to excite 
the OH-fragments. An on-line calibration procedure was performed by introducing a known 
concentration of vaporized H2O2/H2O solution into the engine cylinder. Two-dimensional 
crank-angle resolved mass-fractions of H2O2 were obtained via a new evaluation routine, and 
compared with chemical kinetics simulations using computational fluid dynamics (CFD) and a 
stochastic reactor model (SRM). The experimental and CFD result are presented in Fig. 5. The 
experimental images are averaged of 100 single-shots. From Fig. 5, it is found that the 
experimental 2-D images and the images simulated with CFD show a fair temporal agreement, 
while details of the spatial distributions disagree. 

 

 

Fig. 4.7.5 2-D images of measured (left column) and calculated (centered and right column) mass 
fractions of H2O2 and HO2 within the combustion chamber at different CAD. The center and right 
column images cover half of the measured area (left column). The solid grey structure represents the piston 
protruding into the combustion chamber. Note the different scaling for the rightmost column. 

 

 

 



Two-dimensional OH-thermometry in different reacting flows using photo-
fragmentation laser-induced florescence 

E. Malmqvist, M. Jonsson, K. Larsson, M. Aldén, J. Bood 

In this work, two-dimensional (2-D) temperature information has been evaluated from excitation 
spectra from the hydroxyl radical (OH), acquired with the diagnostic technique laser induced 
fluorescence (LIF). The excitation spectra are obtained by tuning the wavelength of a narrow-
band laser over the absorption lines in OH, and detecting the resulting fluorescence. 

OH is an important, and well-studied, intermediate species in combustion chemistry and due to 
this and its advantageous properties, it is often utilized in concentration and temperature 
measurement concepts. In combustion, the natural OH concentration is very low at low 
temperatures. Below 1000 K, the OH concentration, and thereby any signal from OH, is 
practically zero. This fact constitutes a major drawback of OH thermometry, since it limits the 
temperature interval at which temperature can be determined. For OH thermometry which is 
based on sensing of the rotational population distribution, this limitation implies another 
disadvantage, namely low temperature sensitivity due to weak population dynamics at elevated 
temperatures. 

The temperature interval can be extended by probing OH-fragments produced by splitting 
hydrogen peroxides (H2O2, HO2) with an UV laser. The concentration of hydrogen peroxides in 
combustion, peaks at lower temperatures than the OH concentration, and OH fragments 
produced from these will also peak at these lower temperatures. By probing the OH fragments 
with LIF, OH thermometry can be performed in a lower temperature range. This technique is 
called photofragmentation laser-induced fluorescence (PFLIF). The excitation spectrum from 
OH is also more temperature sensitive at lower temperatures which makes the temperature 
measurements more sensitive compare to conventional OH-thermometry. 

 

Fig. 4.7.6. Evaluated, two-dimensional temperatures in H2O2 vapor at ambient temperature and pressure. The 
temperature distribution can be seen in the histogram below the temperature map. 

The temperature evaluation in this work was performed by fitting theoretical spectra of different 
temperatures to experimental OH-excitation spectra. The fit was performed with a linear least 
square algorithm, which minimizes the sum of the squares (SSQ) of the difference in the 
theoretical intensity and the experimental intensity for all points. 



 

The 2-D temperature evaluation in this project has been performed on OH-excitation spectra 
obtained with PFLIF in H2O2 vapor at room temperature as a proof of concept. The method 
was also applied to excitation spectra previously acquired with PFLIF in H2O2 in a working 
homogeneous charge compression ignition (HCCI) engine. Fig. 6 shows the temperature map 
obtained in the hydrogen peroxide vapor and Fig. 7 displays the 2-D temperatures evaluated in 
the HCCI engine at a crank angle degree (CAD) equal to -23. 

 

Fig. 4.6.7. Two-dimensional temperatures evaluated from excitation spectra recorded in an HCCI-engine with CAD 
equal to -23. The temperature distribution can be seen in the histogram below the temperature map. Since the excitation 
scans were recorded over numerous engine cycles, the data are average temperatures, which do not reflect any cycle-to-cycle 
variations of the combustion engine. 

 



4.8 Laser diagnostics for the study of heterogeneous catalysis 

Catalysis research is highly relevant to society because producing chemicals at an industrial scale, 
as well as protecting the environment from exhaust gases, relies heavily on (heterogeneous) 
catalyst technologies. To this end a collaboration with the Division of Synchrotron Based 
Research at Lund University has been initiated where studies of gas phenomena connected to 
catalysis are pursued. 

In the case of an industrial catalyst the efficiency of a material to catalyze a particular reaction is 
done by analyzing the end-products after the reactants have passed through a porous catalyst 
containing the active material using appropriate characterization techniques, such as mass 
spectrometry (MS), gas chromatography (GC) or Fourier transformed infrared spectrometry 
(FTIRS). However, for model catalysts, such as single crystals, used to yield an understanding of 
the surface chemistry and structure, done by e.g. investigating catalytically active sites on the 
atomic scale, the gas-phase situation becomes more complicated at more realistic and industrial-
like operating conditions in the mbar region and above. This is because in such investigations the 
reactants pass over the catalyst, causing gas-phase phenomena such as mass-transfer limitation 
and convection, which changes the conditions near the catalyst. In fact, this may introduce 
detection of surface structures not related to the catalytic activity in conjunction with a change in 
the catalytic activity, yielding an intense debate on the active sites or even the active phase 1, 2.  

With some promising exceptions, e.g. the work of Roos et al where a scanning mass 
spectrometer with a capillary probe that can stepwise be scanned over the sample3 [3] was used, 
traditional analytics (MS, GC, and FTIRS) are not able to in 2D spatially resolve the gas 
composition surrounding the sample. Furthermore, these exceptions only measure in one single 
point at a time and will affect the gas flow above the catalyst, they are therefore not suitable for 
simultaneous measurements of several catalytic surfaces in the same environment and makes it 
hard to follow events that develop rapidly over time. 

Within this project, we study how these methodological drawbacks can be overcome by using 
laser diagnostic methods by sensitively monitor gas composition and temperature in real-time, 
close to the catalytic surface for a single as well as for several catalytic samples, with high spatial 
and temporal resolution, where the event can be followed in 2D images over time. A schematic 
example of CO oxidation over a catalyst is shown in figure 1. 

 

Figure 4.8.1. Schematic of PLIF measurements of the activity of a model catalyst. A shows the adsorption and dissociation of O2 on the 
catalyst at point 1 and 2, respectively, and the adsorption of CO and production of CO2 at point 3 and 4, respectively. B shows the laser sheet 
(pink) that excites the CO2 molecules above the catalyst, the fluorescence from the excited molecules is detected. An example of the CO2 
distribution above an active catalyst at elevated temperature and realistic pressure is shown in C. 
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The studies thus far sheds light on several aspects for catalysis research, especially the possibility 
to visualize an event, with high temporal and spatial resolution, at realistic industrial conditions. 
The project has to date resulted in one publication1, three more submitted manuscripts and an 
invitation to a chapter on laser diagnostics in a book on Operando Studies in Heterogeneous Catalysis 
and several conference contributions and invitations, some of the results are briefly summarized 
here. 

Method based on infrared planar laser-induced fluorescence to spatially and temporally 
resolve the gas distribution around heterogeneous catalysts  

Johan Zetterberg, Sara Blomberg 2 , Johan Gustafson2, Jonas Evertsson2, Emma C. Adams 3 , Jianfeng Zhou, P. A. 
Carlsson3, Marcus Aldén, Edvin Lundgren2 

One of the studies made within the project focuses on more realistic catalysts and is carried out 
in collaboration with the Competence Centre for Catalysis at Chalmers in Gothenburg. In this 
work, the oxidation of CO to CO2 is studied by laser induced fluorescence of the product CO2 in 
the infrared, and illustrated the possibility to measure with two samples simultaneously placed in 
the reactor. In this way it is, due to the imaging capability of laser induced fluorescence, possible 
to determine which sample that ignites first. It is further a powerful way to study how the activity 
of one of the samples is effected by the ignition of the other, due to a change in gas composition 
around the sample. This is shown in figure 2 where two different samples are placed in the 
reactor and subsequently heated up and how the activity of the two samples (samples are marked 
by the white boxed in the panels I-VI) changes as the temperature is changed. A trend of the LIF 
signal of CO2, the product, averaged from the area of the dashed boxed in panel I can be seen in 
(a). The global gas composition is monitored by an MS in (b) and the temperature is changed 
according to the black line in (c). The red and the blue lines are estimated surface temperatures 
of the catalysts measured by an IR camera, where it can be seen that the temperature of the 
samples increases dramatically due to the exothermic reactions on the surface as the sample 
ignites. This work has been submitted for publication.  

 

Figure 4.8.2. To the left (a), IR PLIF single-shot images during the reaction showing the CO2 distribution over a Pt-Pd sample and a 
Pd powder catalyst surfaces at different times and temperatures. b) The fluorescence signal 0.7 mm over each sample (red and blue). c) 
The MS signal. d) The temperature of the sample surfaces (red and blue) measured by an IR camera together with the temperature of the 
sample holder, measured by a thermocouple (Tc). 

                                                 

 Zetterberg, J., et al., Review of Scientific Instruments, 2012. 83(5) 

 Division of Synchrotron Radiation Research, Lund University, Lund, 221 00, Sweden 

 Competence Centre for Catalysis, Chalmers, Göteborg, Sweden 



Real-time gas phase imaging over Pd(110) catalyst during CO oxidation 
by means of planar laser-induced fluorescence 

Sara Blomberg1, Christian Brackmann, Johan Gustafson1, Marcus Aldén, Edvin Lundgren1 and Johan Zetterberg 

Another example of where laser diagnostics have been applied to study catalysts is the for 
Pd(110). Model catalysts are often studied to gain a better understanding of catalysts. By doing 
so, it is possible to have an atomistic approach and on an atomic scale try to understand e.g. 
active sites. Traditionally this approach has been limited to ultra-high vacuum but resent 
developments, such as high pressure x-ray photo emission spectroscopy (HPXPS) and ambient 
pressure-STM and pushes the limit to the mbar range. When the pressure gap between realistic 
conditions and the atomistic approach becomes nine orders of magnitude smaller the gas 
surrounding the catalyst becomes more and more important to understand. Laser diagnostics has 
the possibility to visualize and sometimes quantify reactants and products with high spatial and 
temporal resolution. In this example CO oxidation by Pd(110) has been followed both by LIF 
both for CO (the reactant) and CO2 (the product), where the CO2 has been calibrated to 
absolute partial pressures. This is the first time that it has been possible to detect CO close to the 
surface at mass transport limited conditions. For earlier attempts the concentrations have been 
below the different techniques detection limits. This work has been submitted for publication. 

 

 

Figure 4.8.3. PLIF imaging of catalytic CO oxidation using a Pd(110) crystal catalyst. a) sample temperature, b) MS 
profiles of CO, O2, and CO2. c) average CO LIF signal d) average CO2 LIF signal. Left panels AI-III shows CO PLIF 
images (10 lasershot averages). Right panels BI-III shows CO2 PLIF images (10 lasershot averages). Image acquisition 
time 1 s. The sample is in a highly active phase at temperatures above 365 °C during the time interval 290-420 s, resulting 
in intense catalytic CO oxidation.  
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Visualization of NH3 during catalytic reduction at realistic catalyst conditions 

Sara Blomberg1, O.Hole, Johan Gustafson1, P. A. Carlsson23, Marcus Aldén, Edvin Lundgren1 and Johan Zetterberg2 

NH3 is an important additive in catalytic reduction of NOx from exhaust gases. NH3 is difficult 
to measure, but it is made possible by two-photon excitation in the UV. In figure 4 is an example 
of how the NH3 concentration varies with H2 concentration in the reactor. The catalytically 
active sample is an industrial-like powder catalyst consisting of Ag nanoparticles suspended in 
Al2O3. This is a direct collaboration with the catalytic center of competence at Chalmers. Note 
that the sample is not equally active over the entire surface, an observation made possible by the 
spatial resolution of the laser technique. 

 

Figure 4.8.4 To the left is the CO2 distribution above the Ag sample at three different times indicated by red lines to the 
right. H2 is needed for the catalytic reaction on the Ag particles to occur. Upper right shows the LIF signal, middle right the 
MS signal and lower right the temperature of the sample measured by an IR camera. 
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4.9 Structured Laser Illumination Planar Imaging 

E. Berrocal, E. Kristensson and Yogeshwar Nath Mishra 

Structured Laser Illumination Planar Imaging (SLIPI) is a laser imaging technique developed 
primarily for spray visualization. Although the experimental arrangement for SLIPI is more 
complex than laser sheet imaging, which is more commonly utilized for the same purpose, it has 
demonstrated superiority in terms of accuracy and reliability. The uniqueness of SLIPI is that it 
removes the unwanted contribution of light arising from multiple scattering within the spray. 
Detecting such multiply scattered (or diffuse) photons leads to image blur and loss of structural 
information, making both qualitative and quantitative interpretations very difficult. To remove 
the diffuse light, SLIPI employs a laser sheet with a structure encoded into its intensity profile. In 
contrast to the singly scattered light, multiply scattered photons are incapable of maintaining this 
structure as they are repeatedly scattered within the spray. By recording three so-called 
subimages, where the laser structure is altered in a controlled fashion, it is possible to eliminate 
the diffuse light in the data post-processing. 

 

Planar Droplet Sizing (LIF/Mie ratio) using SLIPI 

Droplet size is one of the main quantities when it comes to the characterization of atomizing 
sprays. It decides the suitability of the spray nozzle for particular applications such as fuel-air 
mixing in combustion devices, fire suppression, agriculture spraying and spray drying. The sprays 
consist of clouds of polydisperse droplets spread all around in a three-dimensional (3D) volume. 
Therefore, laser diagnostics extracting an accurate 2D or 3D map of droplet size are always 
desired. One common approach to measure the droplet size (or the Sauter Mean Diameter, 
SMD) in sprays is to study the ratio of laser induced fluorescence (LIF) and Mie scattered signal 
images. However, this method suffers from multiple light scattering and gives wrong SMD 
values1. Therefore, SLIPI is used in combination with this technique for minimizing the errors 
attributed from multiple scattering. The SLIPI-LIF/Mie setup requires a sinusoidally modulated 
light sheet. To calibrate the LIF/Mie map a Phase Doppler Interferometer (PDI) system is used. 
Figure 4.9.1 shows a 2D image of absolute SMD of a hollow-cone water spray set at 20 bars 
injection pressure and a liquid flow rate of 1.27 liters/min. The result shows that there are large 
droplets of size 25-29 µm near the spray edges while of 5 µm diameter in the centre. The dashed 
box portion does not represent the SMD data in the image because in this region of the spray 
non-spherical droplets and ligaments are formed. The LIF/Mie ratio approach is only applicable 
to spherical droplet.  

The reliability of the SLIPI-LIF/Mie approach can be established by comparing the SMD 
measured by PDI. In figure 4.9.2 it can be clearly seen that calibrated ratio (absolute SMD) 
follows well with the measurement performed with PDI. 
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Figure 4.9.1 The absolute SMD of droplets of a hollow-cone water spray running at 20 bars injection pressure. This is 
obtained from SLIPI-LIF/Mie after calibration with PDI data. The black dot line in the image indicated the PDI 
measurements performed (along the X-axis) at 3.5 cm below the nozzle tip. 

 

 
Figure 4.9.2 Comparison of both the non-calibrated and the calibrated SLIPI-LIF/Mie ratio with the PDI results. A 
zoomed view of the non-calibrated ratio data between  X = -1 cm and X = 0.5 cm shows that the SLIPI ratio remains 
non-zero in this region. 

 

SLIPI-two-color LIF ratio thermometry 

In spray-assisted combustion devices, information of droplets evaporation rate is very important. 
It largely affects the mixture formation because prior to ignition, the fuel must vaporize and mix 
with the surrounding air. Therefore, information of droplet temperature is very crucial for 
controlling their evaporation rate. Since spray droplets are discharged in a large volume, a laser 
sheet-based diagnostic tool could extract a two-dimensional (2D) measurement map, with good 
temporal resolution. To measure droplet temperatures in 2D, two-color LIF ratio thermometry 
has been applied in tracer-seeded sprays. It is based on taking the ratio of two emission bands of 
the LIF spectrum of a temperature sensitive dye. A spectral shift in the LIF signal occurs with an 
increase or decrease in liquid temperature. Two CCD cameras of similar characteristics are 
usually required for recording the signal of each band simultaneously. However, when applied in 
sprays, this technique also suffers from multiple scattering and lead to errors in the 
measurements. SLIPI is used here to address such issues. 

 



 

Figure 4.9.3. Two-color LIF ratio images for the conventional and SLIPI detection schemes are shown for temperatures of 
25, 45, 65 and 85 degrees. These conventional images extract a wrong ratio from non-illuminated portion of the cuvette. 
However, SLIPI ratios are corrected from such effects. This ratio is further calibrated with the temperature measured by a 
thermocouple. Consequently, calibrated SLIPI images deducing an absolute temperature mapping in 2D can be seen. 

The approach it is first applied for thermometry of aqueous solutions stored in a cuvette. As a 
proof of concept, first non-scattering and then a scattering environment will be introduced inside 
the cuvette. For a non-scattering case, the preliminary results (see figure 4.9.3) show a significant 
improvement in signal sensitivity and dynamics in comparison to measurements performed 
without SLIPI (conventional). For LIF images recorded at 25, 45, 65 and 85 degrees, the non-
calibrated two-color LIF ratio of SLIPI gives almost three times higher temperature gradients in 
comparison to conventional. Also, unlike conventional, it is free from wrong ratio extracted due 
to signal from non-illuminated portions of the cuvette. Therefore, only ratio from SLIPI has 
been further calibrated (see figure z) for generating a 2D map of absolute temperature of liquid.  



 

 

Two-phase SLIPI 

The main limitation with Structured Illumination (SI) concerns the need for three subimages. 
For its main field of applications – microscopic imaging of static sample – this is not crucial, but 
for instantaneous imaging of stochastic processes such as the disintegration of liquid into 
droplets this requirement becomes an issue. In 2009 we demonstrated the possibility to record 
these three subimages within roughly 150 ns using a multi-frame camera in combination with 
three pulsed Nd:YAG lasers. Although the demonstration was a success, this approach is far 
from a convenient solution to the problem. However, being able to acquire a SLIPI image from 
two subimages only would reduce the complexity of the problem significantly thanks to technical 
solutions such as fast sCMOS cameras or interline transfer CCDs. 

We have found a loophole in the theory of SI that allows us to record an SI image with only two 
subimages. Usually when one attempt to create an SI image from only two subimages it results in 
residual lines, stretching across the image. In a worst case, these residuals could be 
misinterpreted as e.g. liquid formations, explaining why this approach has been avoided in the 
past. However, we noticed that the residuals always appeared at twice the frequency of that of 
the incident line structure used in SI. Since a detection system has a limited resolution, it means 
that it is possible, both theoretically and experimentally, to use an incident line structure with a 
frequency so high that its accompanying residuals becomes unresolvable. In other words, by 
utilizing a high modulation frequency, the error – the residual lines – become too narrow for the 
camera, which fails to resolve them.  

Figure 4.9.4 shows an example of an “instantaneous” SI image, acquired using the proposed two-
phase approach, of the near nozzle region of a hollow cone spray. The image was recorded using 
an sCMOS camera, capable of recording two images with a time delay of 150 ns in-between the 
two frames. 

 

 

Figure 4.9.4 Nearly instantaneous snapshot of a hollow-cone spray. Both the conventional and SLIPI image is presented, 
showing the significant difference in image quality.  
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Rayleigh thermometry by means of SLIPI 

Laser-induced Rayleigh scattering has long been considered a standard laser-based method for 
temperature readings. Compared to alternative methods, the benefits of Rayleigh thermometry 
are that it (1) does not require any seeder, (2) provides 2D information, (3) often gives sufficient 
signal levels, even in high-temperature regions and (4) does not require a too complicated data 
evaluation. Exploiting these benefits is, however, often very challenging in practical applications.  

Laser-induced Rayleigh scattering is an elastic scattering method that takes advantage of changes 
in number density to assess the gas temperature; as the number density drops due to an elevation 
in temperature, for fixed pressure, the Rayleigh scattering intensity reduces accordingly. 
However, most practical measurement situations, e.g. in engines, gas turbines, or other 
combustion environments require optical ports, leading to significant reflections of the laser 
light, in turn generating large amounts of stray light. This unwanted contribution of light must be 
taken into account in the data evaluation to avoid large error in the extracted temperature. We 
demonstrate that SLIPI can be employed for this purpose, leading to a significant improvement 
in accuracy and reliability. 

Figure 4.9.5 demonstrates the capabilities of the approach. An ordinary laser-induced Rayleigh 
scattering laser sheet image of a Bunsen-like burner is shown in Fig. 4.9.5 (a). Situated on either 
side of the burner is a glass window, mimicking the optical ports needed in practical applications. 
Based on this data, the temperature map shown in Fig. 4.9.5 (b) is extracted. Unexpected 
structures in the temperature field can be noticed, which is a direct consequence of stray light 
distortion. By instead applying SLIPI, the signal of interest is encoded, whereas the stray light 
component lacks this unique signature, in turn permitting us employ filtering algorithms that 
removes the stray light. The removal of this interference leads to increased accuracy, as shown in 
Fig. 4.9.5 (c). 

 

 

Figure 4.9.5 Comparison between laser-induced Rayleigh thermometry based on either conventional- or SLIPI imaging. 
All data are time-averaged. (a) Raw data, conventional imaging. (b) Temperature field, calculated based on conventional 
imaging. The line marks an unexpected change in temperature – an artefact from stray light. (c) Temperature field, 
calculated based on SLIPI imaging. Both absolute temperature and symmetry is restored. 
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4.10 Dianostics using tunable diode lasers 

 High-speed measurements of exhaust gas recirculation mixing  

S. Raifarth1, E. Kristenssonb1, J. Borggrena, A. Sakowitza1, H.-E. Ångströma 1 

Exhaust gas recirculation (EGR) is a commonly used technique in todays’ diesel engines to 
decrease pollutant emissions. The technique utilizes mixing of the exhaust gas with the intake air 
to decrease the peak temperatures of the combustion process and thereby reduce emission of 
NOx which are formed at higher temperatures. The mixing between the EGR and air is crucial 
for the technique to work properly as an inhomogeneous EGR distribution between the 
cylinders can lead to higher overall emissions of either particulate matter or NOx. The objective 
of this project was to model the EGR distribution in a heavy duty diesel engine and 
experimentally measure the EGR mixing. 

1D and 3D-simulations shows EGR arriving in packets to the intake manifold generated by each 
cylinder exhaust event. To analyze the effect of various engine parameters such as load, speed 
and EGR cooling, an intake manifold was adapted to be fitted with a fiber coupled laser and 
detector facing each other at five different positions along the manifold as shown in Fig. 4.11.1.  

 

Figure 4.11.1. Photograph of the intake manifold and the five measurement positions. 

The laser was a continuous wave diode laser at approximately 2 µm where a strong absorption 
band of CO2 is located. By measuring the absorption during a motor cycle the idea was to use 
CO2 as a tracer for the EGR and correlate the absorption to the EGR pulses. It was, however, 
discovered that strong fluctuations in laser intensity was detected during engine operations which 
was not correlated to the absorption due to CO2. After thorough investigations it was concluded 
that water droplets was the cause for the drastic attenuation and that the droplet formation was 
highly correlated with the EGR pulses. 

The average attenuation of the laser over several motor cycles is shown in the left panel in Fig. 
Y2 and the measurement is compared with the corresponding 1D simulation. Although scaled 
differently, the measurement and simulations show good agreement and clearly illustrate that the 
EGR is not perfectly mixed in the intake. Simulations also suggest that the level of mixing will 
increase with distance, which can be observed in the laser measurements, right panel Fig. 4.11.2. 
Unfortunately the technique does not permit a quantification of the EGR concentration but it 
provides a good indication of the pulsating nature of the EGR pulses. 
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Figure 4.11.2. Left panel. Measurement of EGR pulses at the first measurement position averaged over several motor 
cycles. Five distinct pulses are clearly observed both in the measurement and the simulation. Right panel. Measurement of 
EGR pulses at the five different measurement positions. An increased mixing further downstream is seen as a decrease in the 
number of observed pulses. 

 

 Gas in Scattering Media Absorption Spectroscopy (GASMAS) 

J. Larsson, L. Mei, P. Lundin1, S. Svanberg1,2, S. Andersson Engels, J. Bood 

Gas in Scattering Media Absorption Spectroscopy (GASMAS) is based on the well-known 
technique Tunable Diode Laser Absorption Spectroscopy (TDLAS). TDLAS has been 
extensively employed in various fields of physics, including combustion applications. Through 
the measured absorption profile and the Beer-Lambert equation it is possible to extract the mean 
concentration of the absorbing gas molecule over the measurement path. 

In porous scattering media, the enclosed gas molecules have an absorption linewidth that is 

1000 times narrower than the absorption profile of the bulk material. By employing a 
continuous-wave diode laser, similar as in TDLAS, it is possible to obtain an absorption profile 
of enclosed gas molecules in a porous medium. However, due to multiple scattering in the 
porous medium, the absorption path length is no longer equivalent to the physical length of the 
sample and therefore it is no longer straightforward to use the Beer-Lambert relation in order to 
extract gas concentration. 

The absorption signal can be enhanced either by increasing the gas concentration or by making 
the absorption path length longer. In TDLAS, a common method to increase the absorption 
signal is to change the absorption path length by containing the gas in a multi-pass cell. In 
GASMAS (see Figure 4.11.3), the scattering medium can be considered as random-multipass gas 
cells. Thus, in terms of absorption signal strength, here the multiple scattering constitutes an 
advantage. In a recent work, it was found that a 5-mm thick ceramic material, with a porosity of 
75 %, leads to an increase in absorption path length of about a factor of 35. This was then used 
to study gas diffusion in different wood materials by constructing a probe containing the ceramic 
material, a photo diode, and a laser-coupled optical fiber. The probe was then inserted into a 
wood material and the sharp absorption imprint by molecular oxygen was monitored. By then 
flushing with a different gas, e.g. nitrogen, at a certain distance from the probe, it is possible to 
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monitor when the gas arrives at the probe and pushes away the oxygen. The gas diffusion can 
then be characterized by evaluating the time constant of the diffusion curve, which is dependent 
on the pore structure of the wood material. This was studies for a number of different wood 
materials, such as oak, mahogany and spruce. 

 

 

Figure 4.17.3. Typical GASMAS experimental setup (left). The laser wavelength is scanned by sending a sawtooth signal to its 
injection current. Wavelength modulation is accomplished by superimposing a sinusoidal signal onto the sawtooth signal. The laser signal is 
picked up by a detector, e.g. a photodiode or a PMT, and is sampled in the computer as shown in (b). The detected signal, without 
wavelength modulation applied is depicted in (a). The modulated signal is detected, by a digital lock-in amplifier, at an integer of the 
modulation frequency, e.g. one time (c) or twice (d) the modulation frequency. 

Ongoing research includes employing GASMAS on biomass samples. Biomass is today an 
interesting fuel material and will most likely play an important role in the future energy needs. 
Extensive research on the combustion process in biomass is carried out in order increase the 
energy gain, to make it more competitive to the more conventional fossil fuels. In addition, large 
scale storing of biomass is challenging due to the risk of self-ignition and drying techniques 
needs to be optimized to reduce the moisture content in order to obtain efficient combustion. It 
is our hopes that, by employing GASMAS, studies on the gas enclosed in the pores of the 
biomass will contribute to the understanding and handling of biomass. 

J. Larsson, L. Mei, P. Lundin, K. Karlsson, J. Bood, S. Svanberg, Gas Diffusion Studies in Wood Using Gas in Scattering 
Media Absorption Spectroscopy, 2015 (to be submitted). 

 

 Temperature measurements in indium seeded flames 

J. Borggren, Marcus Aldén and Zhongshan Li 

Temperature measurements in low pressure flames has traditionally been difficult to implement 
mainly due to the signal dependence of the number density on many techniques being a limiting 
factor, for example in CARS and Rayleigh scattering. In this work a temperature measurement 
technique using diode lasers is developed to measure the temperature in a low pressure flat flame 
where the result is a stepping stone for better modelling and quantitative measurements for 
techniques such as polarization spectroscopy where the evaluation is dependent on temperature 
information. 

A novel indium seeding system has been constructed to supply indium in gas phase to flame as 
an alternative to the conventional indium salt solution supplied via a nebulizer. The source of 
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indium in the new system is a bubbler filled with trimethylindium (TMI) where an inert gas 
flowing through the bubbler will carry TMI to the burner where it is mixed with the fuel and air. 
Thermal dissociation of the TMI molecules will produce free indium atoms that can be probed 
for temperature measurements.  

Temperature measurements has been conducted in a low pressure flame with the novel seeding 
system using two external cavity diode lasers (ECDL) and an intensified high-speed camera. In 
scanning two-line atomic fluorescence (TLAF), the technique used, the diode lasers are 
wavelength tuned over the hyperfine structure of the two indium levels to perform an excitation 
scan.  A movie is simultaneously recorded of the probed area and every pixel will have an 
excitation scan of both lasers consecutively.  A fitting scheme is adapted to the line shapes and 
the temperature is evaluated by integration of the fitted line shape and adapting the commonly 
used TLAF temperature expression. A 2D temperature map is seen to the left in figure 4.11.4 for 
equivalence ratio 1.68. In the right of figure 4.11.4 the temperature evaluated in the center of the 
burner is compared to simulated temperatures using the GRI mechanism and the experimental 
temperatures are seen to agree well to the simulated temperatures.

Figure 4.11.4 To the left a temperature map of the φ=1.68 flame. The right figure is the temperature profile in the centre 
of the burner for the three flame conditions. Dots correspond to the evaluated TLAF temperatures and lines are the 
simulated temperature profiles using CHEMKIN GRI 3.0. 

Work is ongoing to perform instantaneous temperature measurements of turbulent flows. As 
opposed to the diode laser technique, which requires a measurement time of a second, two 
pulsed laser would be able to probe the two indium transitions within a few hundred 
nanoseconds to capture an instantaneous image of the temperature field. For this purpose an 
injection seeded optical parametric oscillator is being developed to provide narrow linewidth 
pulses without any jitter, increasing the precision of the measurements where before a big error 
source has been the mode jitter and uncertainty in laser and absorption profile overlap. 
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4.11 Resonant-enhanced 4-wave mixing techniques 

 Low-noise mid-IR upconversion detector for improved IR-degenerate four-
wave mixing gas sensing 

L. Høgstedt, J.S. Dam, A.-L. Sahlberg, Z.S. Li, M. Aldén, C. Pedersen, and P. Tidemand-Lichtenberg 

Molecular spectroscopy in the mid-IR spectral range is attracting growing interest, particularly 
for gas sensing in relation to energy and environmental applications, due to the unique possibility 
of sensitive measurements of a long list of crucial molecular species, e.g., C2H2, CH4, OCS, H2S, 
HCl, HF, and HCN which lack available transitions in the visible/ultra-violet spectral ranges. For 
this reason, a sensitive and noise-free detection method of signal photons in the mid-IR is of 
utmost importance. Mid-infrared (mid-IR) detectors are applied in a wide range of applications 
and in a wide range of fields, from surveillance and analysis in industry to advanced research 
applications. Most detectors are solid-state devices based on direct detection of mid-IR light and, 
as a result of inherent thermal radiation, dark counts are often a major noise issue. In this work, 
we compare a nonlinear upconversion detector with a conventional cryogenic InSb detector for 
the detection of coherent infrared light showing near-shot-noise-limited performance in the 
upconversion system.  

A sketch of the setup used in the experiment is illustrated in Figure 4.11.1 and consists of three 
sections: the mid-IR light source, the gas tube where the four-wave mixing occurs, and the dual 
detection section. The mid-infrared laser is split into four beams using a set of IR-BOXCAR 
plates. Three of these beams are focused to overlap at the center of the flow cell, and, these three 
beams will generate a fourth beam, the signal beam, when acetylene molecules are present in the 
interaction volume. A flip mirror directed the signal beam to either the upconversion detector or 
the cryogenic InSb detector. In the upconversion module, the vertically polarized mid-IR signal 
beam passes through a 5% MgO-doped LiNbO3 crystal placed inside a 70 W intracavity field at 
1064 nm in a Nd:YVO4 laser. In the PPLN crystal, poled with a period of 22 μm, the mid-IR 
signal is frequency mixed with the intracavity field to generate near visible light around 800 nm. 

The upconversion module is described in greater detail elsewhere .  

 

Figure 4.11.1. Sketch of the full DWFM experimental setup consisting of a pulsed mid-IR light source, a set of BOXCAR plates 
that splits the beam into four, a gas tube with a diluted acetylene flow, and the choice of two detectors for the generated signal. 

For the InSb detector, the data acquisition is a straightforward oscilloscope reading. For the 
upconversion detector, a full measurement scan consists of a whole range of CCD frames, each 
assigned to a specific pulse and wavelength. The imaging capabilities of the upconversion 
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detector makes it possible to decrease the background scattering level significantly, by selecting 
the signal from data pixels to optimize the signal/scattering ratio. It is not entirely possible to 
suppress the scattering by pixel selection, but it can be greatly reduced. Without pixel selection, 
scattering would dominate at low acetylene concentrations.  

In Figure 4.11.2, a range of acetylene IR-DFWM spectra obtained at low concentrations around 
the R9e line of the v2+(v4+v5)

0 band line is displayed. To reduce the effect of power fluctuations 
from the mid-IR source, each trace is an average of 10 identical sweeps. Furthermore, the 
background and part of the scattering are removed by subtraction of a reference spectrum 
acquired with a pure N2 gas flow. To smooth out the graphs, a 10-point running average has 
been applied on the data. Overall, the measurements correspond well with the gas line simulation 
from the HITRAN database, as seen from Figure 4.11.2.  

  

Figure 4.11.2. Examples of spectra obtained at low acetylene 
concentrations. Each trace is the average of 10 scans and a 
running average of 10 points has been applied after the 
background obtained at 0 ppm has been subtracted. The 
intensity values are computed from the camera specifications and 
the right axis is calculated from the inherent loss in the detector 
system. 

Figure. 4.11.3. Plot of the line integrated intensity of the R9e 
line of the v2+(v4+v5)

0 band line as a function of acetylene 
concentration. The noise levels are computed from the standard 
deviation on the noise in the two detectors. The error bars 
indicate the standard deviation on the signal intensities. 

In Figure 4.11.3, the measured line integrated intensity of eight different acetylene concentrations 
from the upconversion detector and three from the InSb detector are plotted, together with a 
quadratic polynomial fit to the signal intensities. For the 12 ppm concentration, there is a 
discrepancy from the quadratic fit for the InSb measurement as this point is close to the noise 
floor of the detector. The error bars in Figure 4.11.3 represent the standard deviation on the line 
integrated intensities obtained from 10 identical measurements. The horizontal lines in Figure 
4.11.3 show the standard deviation on the line integration of 10 identical measurements with 
pure nitrogen flow for the InSb and the upconversion detector. This we define as the detector 
noise level for each detector and the possible detection limit is the intersection between this line 
and the quadratic dependency line. From this we can quantify that the upconversion detector has 
approximately 500 times better SNR than the cryogenic InSb detector. Due to the quadratic 
dependency, this translates to a factor of more than 20 in improved detection limit compared to 
the InSb measurements at hand. This presents possibilities for many potential applications in 
which the detection of low-level mid-IR signals is critical.  

 Non-intrusive in situ detection of methyl chloride in hot gas flows using 
infrared degenerate four-wave mixing 

A.-L. Sahlberg, J. Zhou, M. Aldén and Z. S. Li

Biomass utilizations constitute a promising sustainable and carbon-free energy solution. 
However, the complicated chemical compositions in the fuels containing, e.g. Cl, K and S 



 

elements require comprehensive knowledge-based understanding of the fate of the 
aforementioned elements in different thermochemical processes like combustion or gasification. 
Halogenated hydrocarbons such as CH3Cl can be a major part of chlorine carrier in syngas from 
biomass gasification. Besides, CH3Cl is also the most abundant halogenated hydrocarbons in the 
atmosphere. While much of the CH3Cl probably originates from natural sources, a significant 
amount is produced in combustion processes, mostly during biomass combustion. To reduce the 
emission of CH3Cl, it is essential to develop a nonintrusive in situ technique to provide spatially 
resolved measurements in biomass thermochemical conversion processes for both kinetic 
validation and practical technique developments.  

In this work we demonstrate the potential of IR-DFWM as a tool for non-intrusive in situ 
spatially resolved detection of CH3Cl in hot gas flows. By probing the ro-vibrational levels of the 
v1 and v4 bands around 2960 cm-1, the IR-DFWM spectrum of CH3Cl has been measured at 
different temperatures. The potential interference from water vapor is discussed from 
measurements of the IR-DFWM spectrum of H2O at 820 K combined with simulations based 
on molecular parameters extracted from the HITEMP database, to demonstrate the potential of 
IR-DFWM for detection of CH3Cl in combustion environments.  

 

Figure 4.11.4. Comparison between measurement (blue) and simulation (red) of (a) an absorption spectrum of CH3Cl for a 
path length of 50 cm and mole fraction 5900 ppm, and (b) a infrared degenerate four-wave mixing spectrum of CH3Cl at 
atmospheric pressure at 296 K. Notations for the PQK lines of the v4 band and the QQK lines of the v1 band are included in the 
figures. 

Figure 4.11.4 shows the simulated absorption and IR-DFWM spectrum of CH3Cl at 296 K, 
compared with a measured absorption spectrum, recorded in a 50 cm long gas cell with 5900 
ppm CH3Cl diluted in N2, and an IR-DFWM excitation scan recorded in a gas flow of 1546 ppm 
CH3Cl diluted in N2. Compared with the absorption spectrum, the IR-DFWM spectrum shows a 
much higher signal for the Q-branch lines compared with the R-branch lines. The IR-DFWM 
spectrum also shows a narrower line width and higher resolution due to the nonlinear nature of 
the technique.  

Figure 4.11.5 shows excitation scans over the QQ-branch lines of CH3Cl at 296 K, 550 K and 820 
K, compared with simulations using data from the HITRAN 2012 database. As can be seen, the 
simulation fits the general shape of the measurement. An exception to the agreement is the line 



group centered at 2962.8 cm-1, which is marked in the figure. This line group has significantly 
lower signal intensity in the measurement than the simulation predicts. At this moment, we don’t 
have a clear explanation for the difference between the measured IR-DFWM scans and the 
simulations. It is possible that the internal energy transfer between different vibration modes is 
faster for the v4 branch at higher K-values, causing a faster wash out of the signal for the PQ9 line 
compared to the surrounding QQK lines. The degree of saturation of the IR-DFWM signal and 
collision effects might also affect the IR-DFWM signal.  

 

Figure 4.11.5. Excitation scans of the QQK-branch lines of the v1 band of CH3Cl. The figures to the right show a simulation 
using spectroscopic data fromthe HITRAN database. The simulation uses a Voigt profile fitted tomatch the spectral lines. As 
can be seen, the simulation fits the general shape of the measurement. The exception is the line at 2962.8 cm 1, which is 
marked with an arrow in the figures.  

The detection limit for CH3Cl with this setup at 296, 550 and 820 K was estimated from the 

concentration dependence of the IR-DFWM signal to be 2.1, 3.1 and 6.2 (⨯1015 molecules/m3), 
respectively. Measurements of the H2O spectrum at 820 K and simulations from the HITEMP 
database have shown that detection of CH3Cl in the QQK-branch of the v1 band should be feasible 
with relatively little H2O interference. Future work is planned for detection of CH3Cl in situ in 
biomass combustion.  

 Mid-infrared pumped laser-induced thermal grating spectroscopy for 
detection of acetylene in the visible spectral range 

A.-L. Sahlberg, J. Kiefer1, M. Aldén and Z.S. Li 

Laser-induced thermal grating spectroscopy (LITGS) is a nonlinear optical method, where two 
pulsed laser beams (often referred to as pump beams) are overlapped coherently to create an 
interference pattern in the intersection region. When the laser frequency is tuned to a transition 
of a target species, the molecules absorb photons and thermalization takes place subsequently. 
Since the intensity in the intersection region is spatially modulated, regions of high intensity will 
end up with higher temperature than low intensity regions. This leads to a transient density 
modulation, and thus, a refractive index grating. For completeness, we note that electrostriction 
is also taking place, but it can usually be neglected in case of strong absorption. A third 
continuous-wave laser beam (often referred to as a probe beam), crosses the intersection region 
at an angle fulfilling the Bragg-diffraction condition. The power of the diffracted probe laser 
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radiation represents the signal, which reflects the temporal evolution of the transient grating and 
carries information about the local composition and thermophysical properties of the medium. 

Mid-infrared laser spectroscopy offers an opportunity to probe molecules that have no easily 
accessible transitions in the visible and UV region. Coherent laser techniques like degenerate 
four-wave mixing (DFWM) and polarization spectroscopy (PS) offer an advantage over 
incoherent techniques in the mid-IR region because of the ability to efficiently discriminate 
against background mid-IR radiation which is always present, especially in hot combustion 
environments. However, even the best available detectors in the mid-IR region, such as 
cryogenic InSb photodetectors, have less sensitivity and higher noise levels compared to 
detectors in the visible and near-infrared region. In LITGS, the pump laser can be tuned to the 
molecular transitions in the mid-infrared spectral region while the probe laser wavelength can be 
chosen arbitrarily. In other words, IR-LITGS has the possibility for sensitive species-selective 
detection of molecules in the mid-infrared spectral region with signal detection using the 
sensitive, low noise detectors widely available for visible wavelengths. Moreover, a pulsed four-
wave mixing technique, IR-LITGS provides high spatial and temporal resolution. Its beneficial 
pressure dependence may open up the application of mid-IR laser techniques in high-pressure 
environments. 

In this work we demonstrate the generation and detection of mid-infrared laser-induced thermal 
gratings. Signals were obtained in atmospheric pressure gas flows of C2H2 diluted by N2, Ar, air 
or CO2. A schematic of the experimental setup used is shown in Figure 4.11.6. The pulsed mid-
IR pump laser radiation at ~3 μm is generated by a compact optical parametric oscillator (OPO) 
with output power ~10 mJ and bandwidth ~5 cm-1. The OPO was pumped by the fundamental 
1064 nm laser beam from a Nd:YAG laser. The probe beam was a cw solid state laser with 
wavelength 532 nm and output power 190 mW. A specially coated CaF2 plate was used to split 
the mid-IR beam into two parallel pump beams of equal intensity separated by 12.7 mm. A 
specially designed sapphire rod was placed in the path of one of the beams to compensate for 
the difference in path length. The pump beams were focused by a 2-inch CaF2 lens with 300 mm 
focal length, giving a crossing angle of 2.4° and hence a grating spacing of 72.8 μm. The phase-
matching was obtained in a planar BOXCARS geometry. For this purpose, the probe beam was 
focused into the intersection point by the same lens to cross at the Bragg angle of 0.21°. After 
the interaction region, an aperture was used to separate the probe and signal beams and the 
signal was directed to a photomultiplier tube (PMT). The gas flow was supplied through a 
McKenna type porous plug burner in order to ensure a homogeneous mixture in the 
measurement volume. The concentration of C2H2 in the buffer gas was controlled by regulating 
the relative flows using mass flow controllers. 

 

Figure 4.11.6. Schematics of the experimental setup. M: aluminum mirror, DM: dichroic mirror, L: CaF2 lens, 
A: aperture, IF: interference filter 532 nm, PMT: photomultiplier tube, BP: BOXCAR plate beam splitter, S: 
sapphire rod, Osc: oscilloscope  

As an example, the IR-LITGS signal generated in 4169 ppm C2H2 diluted in N2 at OPO 
wavelength 3229 cm-1 is shown in Figure 4.11.7. The red curve shows the temporal profile of the 
Nd:YAG pump beam, detected with a photodiode, and the blue curve shows the IR-LITGS 



signal. The Nd:YAG pulse gives a good impression of the sequence and timing of the signal 
generation and detection, illustrating the timescale of the collisional thermalization process in the 
gas. The IR-LITGS signal originates from a combination of a stationary temperature grating and 
a standing acoustic wave. There is no noticeable contribution from a non-resonant 
electrostrictive grating. Studying the signal strength dependence on C2H2 concentration shows a 
detection limit of less than 300 ppm for C2H2 diluted in N2. Using a narrowband laser should 
significantly improve this detection limit due to more efficient excitation of the absorbing gas 
molecules.  

  

Figure 4.11.7. IR-LITGS signal generated in 4169 ppm 
C2H2 diluted in N2 with the OPO wavelength centered at 3229 
cm-1 (blue) and the temporal profile of the Nd:YAG pump laser 
beam (red). 

Figure. 4.11.8. IR-LITGS signals generated in 4145 ppm 
C2H2 diluted in Ar, N2, air and CO2, respectively. The temporal 
profile of the mid-IR pump laser pulse represented by the 
Nd:YAG pump laser pulse is shown at time zero as a timescale 
reference. 

The thermalization process of LITGS is dominated by collisional effects and hence the buffer 
gas plays an important role. Figure 4.11.8 shows the IR-LITGS signal for 4145 ppm C2H2 diluted 
in four different buffer gases: Ar, N2, air and CO2. The signal recorded in CO2 is more than twice 
as high as the signals in Ar, N2 or air, and the oscillation frequency of the signal is different in all 
four gases, reflecting on the different speed of sound in the different buffer gases. The 
oscillation frequency can be used to calculate the temperature (if the gas composition and speed 
of sound is known). This opens the possibility for temperature measurements in flames using IR-
LITGS from absorption of H2O. However, in this case a mean molecular weight of the gas 
mixture needs to be fed into the calculation.  

  Detection of methanol in gas phase using infrared degenerate four-wave 
mixing 

J. Zhou, A.L. Sahlberg, H. Nilsson, and J. Zetterberg 

Methanol is one of the most important chemicals with industrial applications in a vast variety of 
areas. It is mainly used as a feedstock in the manufacturing of other chemicals, including 
formaldehyde, acetic acid and olefins, all of which are basic building blocks for a number of 
common products of modern life. But its use is also increasingly important as a transportation 
fuel, a fuel cell hydrogen carrier, a source for electricity generation as well as a key component in 
biodiesel transesterification and wastewater denitrification. The most common method for 
production of methanol is to convert feedstock (e.g. natural gas) into syngas (a mixture of carbon 
monoxide and hydrogen) through gasification process. Syngas can then be converted into 
methanol through catalytic processes. Direct conversion of CO2 and CH4 into methanol through 
catalytic processes has been a hot topic in both academia and industry over the past decades. In 



 

such situations, monitoring gas concentrations is necessary to give quantitative information from 
the processes. Traditionally, Fourier-Transform infrared spectrometry (FTIR) has been used to 
detect methanol in the gas phase. However, FTIR is a line-of-sight technique, which cannot 
provide spatial resolution along the light propagating axis, introducing distortions in the spectral 
features due to species and temperature variations along the propagating path, and its temporal 
resolution is limited by the integration time (typically on the order of seconds). In several 
applications, such as catalysis, monitoring methanol non-intrusively is very attractive and would 
contribute to better understanding when characterizing catalysts in the catalytic processes. As a 
sensitive, non-intrusive laser technique with high spatial and temporal resolution, mid-infrared 
degenerate four-wave mixing (IR-DFWM) has the potential for in situ monitoring of methanol 
in catalysis processes.  

IR-DFWM excitation scans of methanol diluted in N2 gas flows at room temperature and 300 °C 
are shown in Figure 4.11.9 for the ν2 and ν9 C-H stretching modes and in Figure 4.11.10 for the 
ν1 O-H stretching mode. Methanol vapor was prepared by flowing N2 through a bubbler kept at 
0 °C. The gas flows were controlled by Bronkhorst mass flow controllers, and the concentration 
of methanol was adjusted by diluting the flow from the bubbler with another N2 flow. The gas 
flows were directed to an open T-shaped gas tube surrounded by electric heating wire to heat the 
gas up to 300 °C. To measure the concentrations of methanol vapor prepared by the method 
described above, an absorption spectrum of methanol was recorded with the Lund Observatory 
Bruker IFS 125 HR Fourier transform spectrometer.  

Based on concentration dependence measurements, detection limits were estimated to be 
approximately 350 ppm and 250 ppm by detecting the Q-branch lines near 2982 cm-1 and 3681 
cm-1, respectively. It was also found that detection of methanol free from CH4 and CO2 
interference is possible, and that quasi-simultaneous detection of methanol and CH4 or CO2 is 
possible, depending on the chosen laser wavelength. 

  

Figure 4.11.9. A comparison between a simulated absorption 
spectrum and the measured IR-DFWM spectrum for the ν2 
and ν9 modes of methanol. (a) A simulated absorption spectrum 
of 3200 ppm methanol at room temperature and atmospheric 
pressure with a path length of 10 cm. (b) A measured IR-
DFWM spectrum of 3200 ppm methanol at room 
temperature. (c) A measured IR-DFWM spectrum of 8300 

ppm methanol at 300 ⁰C. Selected Q-branch lines are marked 
in the figures by the letters a-d.  

Figure. 4.11.10. A comparison between the simulated 
absorption spectrum and the measured IR-DFWM spectra in 
the ν1 band of methanol. (a) A simulated absorption spectrum 
of 2700 ppm methanol at room temperature and atmospheric 
pressure with a path length of 10 cm. (b) A measured IR-
DFWM spectrum of 2700 ppm methanol at room 
temperature. (c) A measured IR-DFWM spectrum of 9000 

ppm methanol at 300 ⁰C. The arrow indicates the Q-branch 
line near 3681 cm-1. 



  Degenerate four-wave mixing measurements of the infrared spectra of 
small hydrocarbons at elevated temperatures 

A.-L. Sahlberg, J. Zhou, Z.S. Li and M. Aldén

The detection of small hydrocarbons and other molecular species in the mid-infrared is 
important for combustion diagnostics. In flames, due to the high temperatures, the structure of 
the spectral lines is different than from room-temperature spectra. In addition to this, there is 
often a large interference from hot water vapor, which has a large number of absorption lines in 
the mid-infrared. Thus, it is important to have knowledge of line positions and line strength of 
these molecules at high temperatures, to facilitate identification of species from spectra. 
Unfortunately, the information on line strength for small hydrocarbons, like C2H2, CH4, C2H4 
and C2H6 in the HITRAN database is not always complete at high temperatures. The 
investigation of spectral lines in the mid-infrared is usually performed by absorption techniques 
such as like Fourier-Transform infrared spectrometry; however, those techniques are harder to 
implement at high temperatures due to the challenge of creating a gas sample with homogeneous 
temperature along the measurement line. IR-DFWM is ideal for high temperature measurements, 
since the high spatial resolution of the technique means the gas temperature only needs to be 
homogeneous in the small detection volume. However, it is not always straightforward to relate 
the IR-DFWM signal to absorption cross sections. Nevertheless, the IR-DFWM technique can 
be useful as a complement to absorption techniques for detection of line positions and relative 
intensities of hot lines in the mid-infrared spectral region, useful for spectroscopic data 
simulations.  

In this work, sensitive detection of C2H2, CH4, C2H4 and C2H6 with IR-DFWM at trace level 
concentrations at 296, 550 and 820 K is demonstrated by probing the vibration transitions 
around 3 μm. IR-DFWM scans of C2H2, CH4, C2H4 and C2H6 diluted in N2 gas flows at 820 K 
are shown in Figure 4.11.11. The gas flows of hydrocarbon and nitrogen were flushed through 
an open glass tube surrounded by electric heating wire. The spectra at each temperature are 
compared to simulations using data from the HITRAN database, clearly showing the changes in 
the spectral structure at higher temperatures. For combustion applications, the interference from 
water vapor is discussed from simulations using data from the HITEMP database, and it is 
shown that interference free detection of all species is possible at elevated temperature. This 
work shows the potential of IR-DFWM both for spectroscopic studies of molecular species at 
higher temperatures, and for applications for detection of hydrocarbon fuels and intermediate 
species in combustion situations.  

The concentration dependence of the IR-DFWM signal was measured for each species at each 
temperatures, and the detection limit was estimated for each species at 296, 550 and 820 K, and 
summarized in Table 4.11.1. For each species, at each temperature, the line with highest intensity 
in the spectrum at that temperature was chosen for the detection limit measurement.  



 

 

Figure 4.11.11. IR-DFWM excitation scans in gas flows of N2 heated to 820 K seeded with trace concentrations of C2H2, 
CH4, C2H4 and C2H6, respectively.  

 

Table 4.11.1. Estimated detection limits of C2H2, CH4, C2H4 and C2H6 at 296, 550 and 820 K.  

 Detection limit /⋅ molecules/cm3 (ppm) 
Temperature C2H2 CH4 C2H4 C2H6 

296 K 3.0×1014 (12) 1.2×1014 (5) 20×1014 (79) 2.0×1014 (8) 
550 K 3.1×1014 (23) 1.7×1014 (13) 17×1014 (131) 3.7×1014 (28) 
820 K 6.1×1014 (68) 3.5×1014 (39) 35×1014 (392) 12×1014 (139) 

 

 

  Spatially resolved, in situ, non-intrusive detection of hydrocarbon 
intermediate species in a rich dimethyl-ether/oxygen/argon flame 

A.-L. Sahlberg, J. Zhou, Z.S. Li and M. Aldén

Low pressure laminar flames have been widely employed for the investigation of the combustion 
chemistry of different fuels. The distributions of different combustion intermediates species as 
the key information are commonly measured with probing techniques, such as molecular beam 
mass spectroscopy (MBMS). While MBMS is useful for studying many species at the same time, 
it is also an intrusive probing technique, which may affect the flame chemistry. It is thus of 
crucial importance to check the potential intrusiveness of these probing techniques with 
nonintrusive optical techniques. Infrared polarization spectroscopy (IRPS) is a sensitive, non-
intrusive non-linear laser technique useful for IR active species. Specifically, many important 
hydrocarbon species can be studied through the asymmetric C-H vibration bands around 3 μm. 
A method for quantitative measurements of intermediate species in atmospheric pressure flames 

has been demonstrated by Sun et al. .  

Dimethyl ether (DME) has been widely studied as a potential alternative to diesel and biodiesel, 
but it is still a relatively new fuel and measurements of the chemistry are very interesting. In this 
work, we demonstrate the measurement capability of IRPS as a diagnostic tool for low pressure 
flames. We show the potential of IRPS both for radical and intermediate species detection and 
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for temperature measurements in low pressure flames. The flame used in these experiments was 
a low pressure, rich DME/O2/Ar flame stabilized on a McKenna type porous plug burner. The 
equivalence ratio of the flame was 1.87, and the pressure was 37 mbar. A photo of the flame is 
shown in Figure 4.11.12. The flow speeds of the gases to the chamber were controlled using 
mass flow controllers.  

The IRPS setup is similar to one used previously . The pump and probe beams were generated 

by an IR laser system and crossed with ~3° angle in the middle of the burner in the low pressure 
chamber. For probing the R-branch lines in CH4 and C2H2, a circularly polarized pump beam 
was used, while for the probing of the Q-branch lines of C2H6, a linearly polarized pump beam 
was used. An f=750 mm CaF2 lens was used to focus the pump and probe beams over the 
burner. The height of the beam above the burner could be adjusted during the scans. Two YVO4 
infrared polarizers were placed in the probe beam path, one before and one after the low 
pressure flame. To avoid interference from birefringence in the windows of the chamber, the 
polarizers were placed inside the low pressure chamber, in two specially designed side-chambers.  

 

Figure 4.11.12. Photo of the low pressure DME/O2/Ar flame. 

 

Figure 4.11.13. The temperature 

at different HAB measured by the 
H2O IRPS signal ratio (squares) 
and the simulated temperature from 
Chemkin (solid line). The error bars 
are the standard deviation of 10 
consecutive IRPS measurements. 

Sun et al. recently demonstrated flame temperature measurements using the relative intensity of 

hot H2O spectral lines using mid-infrared degenerate four-wave mixing . In this work we use the 

same principle to measure the flame temperature of the low pressure DME/O2/Ar flame. The 
temperature in another low pressure flame has been measured with the two-line atomic 
fluorescence technique (TLAF), and these measurements have provided a calibration of the 
relative IRPS line intensities of the H2O lines vs. temperature in low pressure flames. Using this 
calibration and a measurement of the H2O line ratio at several height above the burner (HAB) in 
the DME flame gives us a measurement of the flame temperature as a function of the HAB in 
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the flame as shown in Figure 4.11.13. The measurement is compared with a simulation of the 
flame temperature from Chemkin.  

  

 

Figure 4.11.14. IRPS excitation scans in different wavelength 
intervals at (upper left) 2 mm HAB, (upper right) 1.5 mm 
HAB and (left) 1 mm HAB. Comparison with simulations 
from the HITRAN and HITEMP databases allows for 
identification of CH4, C2H2 and C2H6 lines in the scans. 

Shown in Figure 4.11.14 is an IRPS excitation scan over different spectral regions. Simulations 
using data from the HITRAN and HITEMP databases are used in order to identify spectral lines 
in the scans. The upper left graph in Figure 4.11.14 shows an IRPS excitation scan at 2 mm 
HAB. R-branch lines from the v3 band of CH4 are clearly visible in the spectrum, together with 
some H2O spectral lines. The symmetry fine structure of the CH4 lines is clearly visible with each 
R-branch line splitting into several lines. The upper right part of Figure 4.11.4 shows an IRPS 
excitation scan at 1.5 mm HAB. The C2H2 R-branch lines shown in the figure are from the v3 and 
v2+(v4+v5)

0 vibrational bands. The strong water lines have been saturated in this spectrum, in 
order to better highlight the weaker C2H2 lines.  

The lower left part of Figure 4.11.14 shows an IRPS excitation scan at 1 mm HAB. A linearly 
polarized pump beam was used in these measurements to enhance the Q-branch lines of C2H6. 
The PQ2 – RQ1 lines of the v7 band of C2H6 are shown in the spectrum, together with a few CH4 
P-branch lines. The H2O P-branch lines are suppressed through the use of a linearly polarized 
pump beam and cannot be seen in this spectrum. 

 

 



4.12 Development and Application of PLIF 

  HCO detection in turbulent premixed flames 

B. Zhou, J. Kiefer, J. Zetterberg, M. Aldén and Z.S. Li

Visualization of the local heat release (HR) rate, a key parameter in turbulent combustion, has 
been a research focus for many years. As a field variable, the local HR rate cannot be measured 
directly. Therefore, to correctly determine the local HR rate, a suitable marker species is required, 
bearing a proper correlation both in space and time with the HR rate. The formyl radical (HCO) 
has for a long time been recognized as a good indicator of the flame front, as its concentration 
was found to be temporally and spatially correlated with the local HR rate. The aim of this work 
is to investigate the potential interferences and optimize the strategy for single-shot PLIF 
imaging of HCO in turbulent flames, and to explore the applicability of HCO as a local HR rate 
marker especially for premixed methane/air flames over different equivalence ratios.  

 

Figure 4.12.1. Spatially resolved spectra of laser-induced fluorescence in a methane/air flame with 
different excitation wavelengths, (A) 258.940 nm, (B) 259.004 nm, (C) 259.151 nm and (D) 
259.316 nm. The unburnt zone, the reaction zone and the production zone are delimited by dashed lines, 
and the spectra extracted from these regions for each excitation wavelength are presented subsequently in 
the subplots. 

A multimode linear-cavity alexandrite laser was employed to provide a tuneable laser source 
around 259 nm after third harmonic generation. Figure 4.12.1 shows a set of spatially resolved 
emission spectra from a laminar methane/air flame stabilized on the LUPJ burner for different 
excitation wavelengths close to 259 nm. The ordinate of the two-dimensional spectra indicated 
the radial distance from the center of burner axis, whereas the abscissa corresponded to the 
wavelength domain. Three zones along the spatial axis, i.e. an unburnt zone, a reaction zone and 
a product zone, can be identified as delimited by the dashed lines. The spectrum in each zone 
has been extracted and is presented subsequently in the subplots. Interference from O2 (c.f. 
Fig.4.12.1 (A) and (C)) as well as OH (c.f. Fig.4.12.1 (D)) are identified. Though a systematic 
comparison of different excitation wavelength, excitation at 259.004 nm gives the maximal 



 

signals and therefore is chosen as the optimal excitation wavelength for the experimental system 
being employed. 

Other interferences of photolytically generated HCO from CH2O with high laser fluence as well 
as PAH fluorescence observed in rich flames were excluded by restricting the application of the 
present technique to lean premixed flames with laser fluence to below 2.5 J/cm2. The single-shot 
PLIF imaging of HCO was demonstrated in turbulent methane/air jet flames with 30 and 45 
m/s jet speed (Reynolds number = 4260 and 6400) for a 30-mm laser sheet obtaining a signal-to-
noise ratio around 6 as shown in Fig. 4.12.2.  

 

Figure 4.12.2. Illustration of (a-d) single-shot HCO PLIF images in methane/air jet turbulent flames (𝜙 = 0.9) with 
30m/s and 45m/s jet speed, respectively 

  Hot molecular O2 detection in turbulent premixed flames 

B. Zhou, J. Kiefer, J. Zetterberg, M. Aldén and Z.S. Li

Hot oxygen, i.e. oxygen molecules in excited electronic or vibrational states, is of particular 
interest in many areas including plasmas physics, atmospheric chemistry and combustion 
technology. Most existing techniques for the detection of molecular oxygen are based on an 
indirect manner which detects a tracer LIF that can be affected by the presence of oxygen 
through the quenching effect.  The present work demonstrated the detection of vibrationally 
excited hot O2 molecules though the (0-7) band of the well-known B-X Schumann-Runge 
system.  

O2 LIF emission spectra were recorded in a lean CH4/O2 flame (Φ=0.9) and a rich CH4/O2 
flame (Φ=1.47) as shown in Fig.4.12.3 (a) and (b), respectively. It can be seen that the LIF 
emission spectrum from the lean flame shows little interference but possesses a distinctive O2 
spectral structure containing transitions from excited electronic state to successive vibrational 
levels in the ground electronic state as assigned in Fig.4.12.3 (a). Since the oxygen molecules are 
not fully consumed in the lean flame, the hot O2 widely spreads out in the production zone, 
where the temperature is still high. In the rich flame, two hot O2 layers appear up in the 
spectrum. The inner layer corresponds to the primary reaction zone, in which the oxygen peaks 
can be seen at the top of a broad underlying fluorescence background originating predominantly 
from PAH interference. In the primary reaction zone of the rich premixed flame studied, the 
PAH contribution to the overall signal was about 50 %. Care should be taken under such 
condition in interpreting the signals obtained. Further downstream, little PAH interference was 



observed in the outer layer which corresponds to the secondary reaction zone where the unburnt 
fuel that remained in the rich flame was mixed and reacted with the ambient air. 

 

Figure 4.12.3. Spectrally resolved emission spectra along a line across the flame front of a laminar (a) 
Lean CH4/O2 flame (Φ=0.9) and (b) Rich CH4/O2 flame (Φ=1.47). Spectra were extracted at 
selected radial positions indicated by dashed lines. 

 

 

Figure 4.12.4 Experimental setup for laser-saturated fluorescence measurements of NO. PB, Pellin-Broca prism; 
SL1, spherical lens, f=1000 mm; SL2, UV condenser, f=50 mm, f/1; PM, laser power meter.  

The instantaneous two-dimensional distributions of hot O2 are illustrated for the lean flame in 
Fig. 4.12.4 (a-b) and for the rich flame in Fig. 4.12.4 (c-d). As expected, despite the high oxygen 
concentration, no LIF signals can be found in the unburnt regions for either flames since 
virtually no O2 molecules are populated at the v’’=7 vibrational state at room temperature. Also, 
the lean flame shows a wide distribution of the hot excess O2 which was found in the product 
region. In the rich flame, a portion of the O2 was heated in the thin primary reaction zone before 
it was consumed. It should be noted that the O2 LIF signal in this region could be contaminated 
by PAH interference as Fig. 4.12.4 (b) suggests. Downstream of the primary reaction zone, weak 
but traceable signals appear corresponding to the presence of a small amount of O2 (~ 0.9 % in 
total) in chemical equilibrium in the product region. Further downstream, the secondary reaction 
zone was formed and heat was released through oxidizing of the unburnt and other 
intermediates reactants such as CO and H2. It is worth mentioning under thermal equilibrium 
condition the LIF signals from the O2 molecules for v’’=7 are considerable when the temperature 
is higher than 1500 K. The LIF signal also continues to increase by approximately two orders of 
magnitude until the temperature approaches 3000 K. This feature makes the hot O2 LIF signal 
very sensitive to the flame temperature, preserving the potentials to be utilized for temperature 
mapping in the future.  



 

 Two-photon LIF for gaseous Ammonia detection 

C. Brackmann, O. Hole, B. Zhou, Z.S. Li, and M. Aldén

The detection of NH3, a key species in the chemistry of fuel-bound nitrogen and a primary 
product of biomass pyrolysis, in combustion-relevant applications has been promoted due to in 
particular the extended use of biomass energy for power production. The present work reported 
in Paper IV has demonstrated the detection of ammonia using two-photon LIF, and the 
characteristics of LIF signal have been quantified under conditions of elevated temperature and 
pressure which emulate the combustion environments in industrial applications. 

 

 

Schematic energy-

level diagram indicating the probed C ’-
X and detected C ’-A transitions of 
NH3.

Figure 4.12.6(a) shows an excitation scan spectrum (solid line) close to ~ 305 nm at 387 K and 
atmospheric pressure together with PGOPHER simulation (the dashed line). Qualitative 
agreement between the experiment and simulation can be observed, permitting reliable 
identification of the transitions corresponding to the spectral lines. Two peaks located at 304.8 
nm (line 1) and 304.9 nm (line 2), from the qQ-branch were identified. The corresponding 
emission spectrum excited at 304.8 nm is displayed in Figure 4.12.6(b). 

 

Figure 4.12.7 Excitation scan spectra of NH3 C
’-X transition at (a) 383 K  (b) and an emission spectrum for 

excitation at 304.8 nm 

To illustrate the ability for ammonia visualization under combustion conditions, simultaneous 
NH3 and CH images were recorded for both stoichiometric laminar and turbulent NH3-
methane-air flames as shown in Fig.4.12.8.  Good SNR of NH3 imaging ~ 8 was achieved along 
with a CH image which assists visualizing the flame front structures. The laminar flame shows a 
distinct gap between the central NH3-zone (yellow) in the fuel-air mixture and the thin CH-zone 
(blue) of the flame reaction zone, indicating NH3 decomposition to occur in the flame preheat 



zone. In the turbulent flame, a complex highly wrinkled flame front can be observed along with 
non-uniform spacing between the CH- and NH3- zones, suggesting turbulence having a strong 
effect on NH3 consumption, a matter deserves further investigation. Since the mixing of 
ammonia with flue gases has been identified as a key parameter for effective NOx reduction the 
present NH3 imaging technique can be a valuable tool for obtaining a better understanding and 
optimization of the ammonia deNOx process.  

 

Figure 4.12.8 Simultaneous NH3 (yellow) and CH (blue) images acquired in stoichiometric (a) laminar 
(Re=1400) and (b) turbulent (Re=11000) NH3-methane-air flames with 0.2 % of NH3 as a fuel in the 
total flow. 

  Nitrogen Monohydrate (NH) detection in turbulent premixed flames 

C. Brackmann, B. Zhou, Z.S. Li, and M. Aldén

Nitrogen monohydrate (NH) locates at the downstream of the NH3 chemistry, corresponding to 
the reaction zone layer of NH3 flames. NH also plays an important role in the oxidation routes 
of other nitrogen-containing fuels, which makes accurate measurements of this species highly 
valuable. Most of the NH measurements that have been reported in flames were based on point-
wise detection for which either absorption or fluorescence techniques were employed. The 
capability of NH imaging has rarely been demonstrated in the literature. The present work 
(reported in Paper IX) which involved a detailed investigation of the NH spectroscopy suggested 
excitation-detection schemes for NH PLIF imaging with the possibility of quantification.   

In the UV spectral range, NH has an accessible electronic transition, i.e. the A3Π-X3Σ- 

system. The (0-0) vibrational band of the A-X system can be approached at around 333 nm, 
while the (1-0) vibrational band is located at around 306 nm.  These two wavelength ranges can 
be approached using a dye-laser system with dyes Rhodamine 610/640 and LDS 698 after 
frequency doubling. The corresponding fluorescence spectral range that was detected for both 
excitation wavelengths from either (0-0) or (1-1) resides around 333 nm. The excitation scan 
spectra of these two bands obtained in a premixed laminar NH3/air flame (Φ=1.4) are shown in 
Figure 4.12.10 (a) and (b), respectively. The corresponding PGOPHER simulations oriented 
downwards in Figure 4.12.10 (a) and (b) were performed in order to assign the spectral lines. 
Fine adjustments of the molecular constants and of the band origin are required to achieve close 
agreement with the experimental data obtained. Temperature-insensitive lines, i.e. R1(5) and R1(4) 
for the (0-0) and the (1-0) bands, respectively, have been identified as indicated by the arrows in 
Figure 4.12.10 (a) and (b).  



 

 

Figure 4.12.10 Excitation scan spectra of NH vibrational bands (oriented upwards) together with 
corresponding simulated spectra (oriented downwards), (a) the (0-0) band and (b) the (1-0) band. Inserts 
show the magnified view of the spectra in the vicinity of the probed rotational transitions of (a) R1 (5) and 
(b) R1(4). 

The power dependences of both transitions in the corresponding bands are shown in Figure 
4.12.11. The transition in the (0-0) band shows a gradual increase at irradiances below 10-2 
GW/cm2 and the line fitted to the data points in the log-log diagram has a slope of 0.76, 
indicating a sub-linear dependence of the signal on laser irradiance and that the fluorescence is 
partially saturated. At irradiances above 10-2 GW/cm2 the signal gradually goes towards an 
essentially constant level, confirming close to complete saturation. For excitation of the (1-0) 
band, data acquired at irradiances up to 10-2 GW/cm2 can be fitted to a line of slope 0.98, 
indicating distinctly linear signal dependence. At high irradiance levels, the fluorescence signal 
shows still a sub-linear increase with laser irradiance, signifying a partially saturation. Despite the 
similar maximum intensity achieved at the highest irradiance, it is worthy of noting that the off-
resonance fluorescence detection obtained via the excitation at the (1-0) band is more beneficial 
under conditions of challenging background and interference issues which is frequently 
encountered in biomass applications. 

 

Figure 4.12.11 The NH LIF signal versus laser irradiance: (a) Excitation of R1(5) in the (0-0) band; (b) 
Excitation of R1(4) in the (1-0) band. 

Utilizing the excitation at the (1-0) band, instantaneous NH PLIF images, as shown in Figure 
4.12.12, were acquired in premixed fuel-rich NH3/air flames of Φ=1.4, under laminar (NH3 0.33 
L/min and air 0.85 L/min) and turbulent (Re=11400, jet speed of 16 m/s) conditions.  The NH 
layer, which can be regarded as the reaction zone layer of NH3 flames has a thickness of around 
2 mm in the laminar flame as shown in Figure 4.12.12 (a). This thickness is greater than the 
reaction zone thickness measured in hydrocarbon flames, as can be expected from the laminar 
flame speed of NH3/air mixtures, of around 10 cm/s which is typically 3~4 times lower than 
that of hydrocarbon flames. This indicates NH3/air flames having a stronger interplay between 
turbulence and flame chemistry, which can also be reflected on the Ka. Since Ka is inversely 
proportional to the laminar flame speed to a power of 1.5, turbulent NH3/air flames compose 
significantly higher Ka values than in the corresponding CH4/air flames, given the same degree 
of turbulent intensity of flow in both cases. Therefore, NH3/air flames might be good candidates 



for investigating turbulence/flame interaction at high Ka conditions, since this enables 
experiments to be conducted under conditions of simpler configuration, such as lower flow 
speed, which may be also more advantageous for the numerical simulations. Together with the 
development of detection strategies for other species as presented in previous sections, 
employing the high-quality NH imaging demonstrated in the present work provides a unique 
tool for studying the fundamentals of the turbulence/flame interaction.     

 

Figure 4.12.12 Single-shot NH PLIF images acquired in premixed Φ=1.4 (a) laminar and (b-c) turbulent 
NH3/air flames. 

 Cyano radical (CN) detection in turbulent premixed flames 

B. Zhou, C. Brackmann, Z.S. Li, and M. Aldén

An increasing interest in utilizing renewable biomass-derived fuels as alternatives to fossil fuels 
has emerged, motivating the demand to study the detailed chemical kinetics involved in the 
combustion of nitrogen-containing fuels. Cyano radical (CN) is one of the key species that 
participate in the conversion of fuel-nitrogen as well as the formation and re-burning of NO in 
the prompt NO mechanism. Many of reported CN measurements using various laser techniques 
are obtained mostly point-wise and average-based in low-pressure flames doped with NO2 or 
NO. In contrast, instantaneous two-dimensional CN imaging is rarely reported in the literature, 
despite its clearly being more appropriate for the investigation of turbulent flames. The present 
work demonstrated the feasibility of single-shot high-quality CN PLIF images  obtained using an 
alexandrite laser (linewidth 2.5 cm-1, 30 ns pulse duration) with a novel excitation at the B-X (1-0) 
band close to 359 nm and subsequent off-resonance detection at around 387 nm. A conventional 
dye laser system (linewidth 0.3 cm-1, 8 ns pulse duration) was additionally employed for CN 
excitation as a comparison.   

 



 

Figure 4.12.13 shows an excitation scan (blue dots) over the P-branch bandhead of the CN B-X 
(1-0) band using a dye laser, and the corresponding spectral simulation (red curve) performed in 
LIFBASE agreed closely with one another. The P(23) line as indicated by the arrow was 
identified. In Figure 4.12.14 the power dependence of the CN LIF signals obtained through 
excitation at both the P(23) line and the bandhead using both lasers is compared. It can be 
clearly seen in Figure 4.12.14 that the CN LIF signals (green dots) excited by the dye laser at the 
P(23) line exhibit a strong saturation effect with laser irradiance higher than 5 MW/cm2. In 
contrast, the CN excitations using the alexandrite laser at both the bandhead and the P(23) line 
deliver a significantly higher signal level by a factor of ~3 to 5 than that of the dye laser with the 
same laser irradiance, and no complete saturation was observed with the maximum irradiance ~ 
33 MW/cm2. The weaker LIF signal achieved by the dye laser excitation can be explained by the 
fact that the laser-coupled rotational ground state can be depleted without being sufficiently 
repopulated within the short laser pulse duration (~ 8 ns) due to the limited rotational energy 
transfer (RET) rate. The relatively long-pulse excitation produced by the alexandrite laser 
resulted in an increased repopulation through rotational energy transfer (RET) during the laser 
pulse. In addition, multi-line excitation using the broad-band alexandrite laser (~ 2.5 cm-1) 
becomes advantageous at high laser irradiances since the multi-line excitation further suppresses 
the saturation effect. For example, excitation of the P(23) line using the alexandrite laser also 
involved excitation of the P(22) and P(24) lines as well as weak excitation of the P(21) and P(25) 
lines, which resulted in a three times higher overlap integral between excited transitions and the 
laser spectral profile than that of the dye laser excitation. Therefore, at complete saturation of 
alexandrite laser excitation, an additional corresponding increase in the LIF signal would be 
expected. Similar advantages gained from the long-pulse and broadband features of the 
alexandrite laser have also been demonstrated previously for CH PLIF measurements. The CN 
LIF emission spectra recorded in a NH3-doped (4230 ppm) CH4/air laminar flame using both 
lasers further supports the conclusions drawn above.  

 

Figure 4.12.15 Comparison of PLIF images acquired in turbulent flames (30 m/s jet speed) doped with 2800 

ppm NH3 using (A) dye laser excitation and (B) alexandrite laser excitation with Φ=1.0 and (C) Φ=1.4. 



Single-shot CN PLIF measurements were demonstrated using both lasers in turbulent CH4/air 

flames (Φ=1.0) at 30 m/s jet speed and doped with 2800 ppm of NH3 as shown in Figure 
4.12.15 (A) and (B). A highly wrinkled CN layer with a measured thickness of ~ 440 µm which is 
twice as thicker than the CH layer thickness under similar flame conditions is clearly resolved. 
The CN PLIF achieved by use of alexandrite laser excitation results in an improved SNR (~ 40) 
as compared with that obtained with use of the dye laser (~17). In addition, Figure 4.12.15 (C) 

shows CN PLIF images acquired in a Φ=1.4 turbulent flame with the same jet speed and the 
same amount of NH3 seeding. The CN layer becomes appreciably thicker and disconnected at 
certain locations marked by the red circles, which implies a complex interplay between 
turbulence and the nitrogen-chemistry in NH3-dopes flames, a matter requires further 
investigations. Based on the estimated CN concentration) and the achieved SNRs in the studied 
flames, the present CN detection strategy renders a CN detection limit of a few hundred ppb for 
a 20-mm imaging size with a SNR of 5. 

 

  Simultaneous multi-scalar imaging of highly turbulent premixed jet flames 
(LUPJ flames) 

B. Zhou, C. Brackmann, Q. Li, Z.K. Wang, P. Petersson, Z.S. Li, X.S. Bai and M. Aldén

The Lund University Piloted Jet burner (LUPJ) is a hybrid McKenna-type jet burner which 
consists of a 1.5-mm inner-diameter (ID) stainless central nozzle having an outer-diameter (OD) 
of 7-mm that sits 2 mm above the surrounding 61-mm ID coflow porous plug. Mixtures are fed 
into the central nozzle and the coflow plug independently. A schematic plot of the LUPJ and 
photographs of the laminar and the turbulent jet flames stabilized on it are shown in Figure 
4.12.16.  

 

Figure 4.12.16 A schematic plot of the Lund University Piloted Jet burner (LUPJ) and photographs of laminar 
and turbulent jet flames stabilized on it. 

A series of LUPJ flames with varying degree of jet speeds (from 11 m/s to 418 m/s) and varying 
equivalence ratios (from stoichiometric to Φ=0.4) has been investigated in the present work. The 
flames are referred to as LUPJα-β, where α represents the code for the Φ of the jet flows and β 
represents the jet flow speeds U0 in m/s. The pilot coflow flame is run with a fixed Φ=0.9 and a 
flow speed of 0.3 m/s.  



 

The flow fields of the flames were characterized by use of LDA. Using the LDA data, the 
Karlovitz number Ka, the Damkölher numbers Da, the turbulent Reynolds numbers Ret as well 
as the integral scale (l0) were calculated for the flames investigated. Quantities for the investigated 
turbulent LUPJ flames were summarized in Table 1. Reactive scalars (i.e. OH, CH2O, CH and 
HCO) and temperature (T) were captured instantaneously by three sets of simultaneous imaging 
measurements which include PLIF of OH/CH2O in combination with either CH PLIF, HCO 
PLIF or the Rayleigh scattering temperature measurements. A set of LUPJ flames was 
investigated, covering from the laminar flamelet regime to the TRZ regime and to the DRZ 
regime. One matter of concern was to investigate the characteristics of flames in the DRZ 
regime which is relatively unexplored. The full dataset obtained for LUPJ flames will be served as 
a database for model validation and development. 

Flame 
Code 

Φ 
U0 

(m/s) 
Rejet  Ret  

lη 

(μm) 
v'/SL Ka20 Ka30  Ka50 Da  LDA  

LUPJ1-66 1.0 

66 6306 

95 96 16 37 25 14 0.39 √ 

LUPJ2-66 0.7 97 95 20 59 40 22 0.25 × 

LUPJ3-66 0.4 138 73 40 136 135 72 0.09 √ 

LUPJ1-110 1.0 

110 10510 

190 57 31 71 70 46 0.20 √ 

LUPJ2-110 0.7 195 56 40 115 113 74 0.12 × 

LUPJ3-110 0.4 214 53 62 264 261 171 0.06 × 

LUPJ1-165 1.0 

165 15764 

238 49 39 112 98 73 0.16 √ 

LUPJ2-165 0.7 244 48 50 181 158 118 0.10 × 

LUPJ3-165 0.4 267 45 77 417 365 271 0.04 × 

LUPJ1-220 1.0 

220 21019 

317 39 52 152 151 100 0.12 √ 

LUPJ2-220 0.7 325 38 66 246 244 162 0.07 × 

LUPJ3-220 0.4 356 32 103 567 561 373 0.03 × 

LUPJ1-330 1.0 

330 31529 

476 26 78 327 277 212 0.08 √ 

LUPJ2-330 0.7 487 26 99 530 448 344 0.05 × 

LUPJ3-330 0.4 534 24 154 1220 1031 791 0.02 √ 

LUPJ1-418 1.0 

418 39936 

603 22 98 467 394 302 0.06 √ 

LUPJ2-418 0.7 617 21 126 756 639 490 0.04 × 

LUPJ3-418 0.4 676 20 196 1739 1470 1127 0.02 √ 

The multi-scalar visualization system involves an Nd:YAG laser for CH2O excitation and 
Rayleigh scattering thermometry at 355 nm, a dye laser for OH excitation at 283.55 nm, and an 
alexandrite laser for CH/HCO excitations at 387.3 nm and 259 nm, respectively. All of the laser 
beams were spatially combined and shaped by sheet-forming optics into a laser sheet of ~ 20 
mm height. By slightly adjusting the laser beam divergences using telescope systems, tightly 
focused laser sheets were obtained at the top of the jet center for all beams. The thickness of the 
combined laser sheet was measured as being less than 100 µm. Two orthogonally-oriented ICCD 
cameras were arranged for the detection of OH and CH2O signals, which were separated using a 



beam splitter. The CH (or Rayleigh) signal was detected by the third camera. Optical filters were 
used for background suppression. The spatial resolution of each scalar was estimated by imaging 
the finest resolvable patterns on a resolution target (USAF-1951) as summarized in Table.2 
together with other experimental parameters. 

 

Figure 4.12.17 Experimental configuration for high-resolution simultaneous multi-scalar measurements of the 
LUPJ flames 

Figure 4.12.18 and Figure 4.12.19 present groups of single-shot images taken from the 
CH/CH2O/OH and HCO/CH2O/OH series, respectively, of the stoichiometric flames with 
various jet speeds. In the flame LUPJ1-66 (cf. Fig. 4.12.18 (A) and Fig. 4.12.19 (A)), the CH2O 
layer is broadened while the CH/HCO layer remains thin, indicating that turbulence starts to 
disturb the preheat zone of the flame. Therefore, one may refer the flames with thin CH/HCO 
layers but broadened CH2O layer to the TRZ regime. Strikingly, as the jet speed increases to 165 
m/s, it can be seen in Fig. 4.12.18 (B) and Fig. 4.12.19 (B) that the broadened CH/HCO layers 
start at the top of the flame LUPJ1-165. Further increasing the jet speed, i.e. LUPJ1-220/418, 
the CH/HCO layers become more broadened and evenly distributed at some locations. It has 
been reported that the measured flamelet could be 3~4 times thicker than that of an unperturbed 
laminar flame due to the limited spatial resolution, three-dimensional effects and strain rate. 
However, the achieved spatial resolution better than 100 µm in the present work is sufficient to 
resolve the thin flame front, and the significant broadening up to a few millimeters that was 
observed cannot be attributed to three-dimensional effects and strain rate. 

 

 

 

 

 

 

 

Species CH HCO T OH CH2O 

Objectives 
f#=1.2, 

f=50mm 
f#=2, 

f=100mm 
f#=2, 

f=100mm 
f#=2.5, 

f=150mm 
f#=1.4, 

f=85mm 

Spatial 
resolution 

562 ×100 µm3 562 ×100 µm3 
562 ×100 

µm3 
702 ×100 µm3 702 ×100 µm3 

Optical Filter GG400 
Longpass 266 

nm 

Bandpass 

355±5 nm 

Bandpass 

325±25 nm 
GG400 



 

Figure 4.12.18. Examples of jet speed dependence from CH/CH2O/OH images for the LUPJ flames (A) LUPJ1-66; (B) 
LUPJ1-165; (C) LUPJ1-220; (D) LUPJ1-418 

The CH and HCO radicals, both known as short-lived combustion intermediates, are considered 

to be good markers of the reaction zone. The CH and HCO layers remain thin in both the 

laminar flamelet regimes and the TRZ regime. In line with Driscoll’s definition , a significant 

broadening of the instantaneous CH or HCO layers would indicate distributed reactions. To the 

best of the authors’ knowledge, the present observations, through direct visualizations of the 

reaction zone markers, i.e. CH and HCO, provide the first experimental verification of a 

distributed reaction zone generated by rapid turbulence mixing. In contrast to this, because of 

the high level of stretch and heat loss exerted by intense turbulence, high Ka flames have also 
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been shown to be shredded or quenched before being broadened. From the present 

experimental results, it can be concluded that distributed reactions can be achieved and flames 

like the investigated LUPJ ones do not necessarily extinguish at high Ka if protected properly by 

a hot coflow.  

Figure 4.12.19 Examples of jet speed dependence from HCO/CH2O/OH images for the LUPJ flames (A) LUPJ1-66; (B) 
LUPJ1-165; (C) LUPJ1-220; (D) LUPJ1-418 



 

Figure 4.12.21 Illustration of jet speed dependence from T/CH2O/OH images for the selected flames (A) LUPJ1-66; (B) LUPJ1-
165; (C) LUPJ1-220; (D) LUPJ1-418; iso-intensity contours of CH2O were superimposed on temperature fields for comparison. 



Figure 4.12.22 OH/T JPDF for five selected flames (LUPJ1-66, LUPJ1-110, LUPJ1-220, LUPJ1-330 and LUPJ1-418) at 
four axial locations (x/d=10, 24, 30 and 45).  

To quantify the effects of turbulence on the flames, joint probability density functions (JPDF) of 
OH concentration/temperature for the selected flames at several axial locations are presented in 
Fig.4.12.22. The logarithm-scale colormap in the JPDF plots denotes the probabilities with red 
being the maximum and black being the minimum. The white dashed curves are the mean OH 
concentration weighted by its probabilities as a function of temperature, while the red curves 
show the OH/T correlation from the experimental measurement of the corresponding laminar 
flame, LUPJ1-11. In the laminar flame (red curve), the OH concentration peaks approximately in 
the reaction zone known as the super-equilibrium OH, followed by a decrease of the OH 
concentration to an equilibrium value in the product zone. Little OH radicals exist in the region 
with temperature below 1200K. In contrast to this, an appreciable amount of OH can be found 
in the lower temperature region as shown in Fig.4.12.22 for the selected flames. At x/d=10, with 
increasing jet speed, it can be seen that OH can be found in the regions of temperature below 
600 K and the possibility of finding OH in the temperature range of 900 K<T<1400 K is also 
enhanced. This observation is consistent with results of recent DNS studies of high Ka CH4/air 
flames, in which it was shown that the turbulence eddies can effectively transport the reactive 
radicals (e.g. H and OH) from the high temperature reaction zone to the low temperature 



 

regions (~ 500 K), which is responsible for an appreciable amount of heat release in the low 
temperature regions. Subsequently, with an increasing jet speed (hence increased turbulence 
level), the peak concentration of radicals (e.g. H and OH) is decreased due to the rapid transport 
of these radicals to the low temperature regions. At locations further downstream (x/d> 10), 
even higher probability of having OH radicals at the low temperature regions can be seen as the 
turbulence intensity increases along the axial direction (until x/d about 40) and therefore the 
transport of radicals by turbulence eddies becomes even faster. At x/d=10, the distribution of 
OH JPDF shares certain similarity to that in laminar flames, a matter which is less clear, 
however, at locations downstream of the highly turbulent flames (LUPJ1-220/330/418) as a 
consequence of a strong turbulent perturbation in the product zone and at the flame front. Close 
to the flame tip (x/d= 45) where the temperature field is rather homogeneous and reactions are 
distributed, OH appears to be spread over a wide range of concentrations confined primarily in 
the temperature range from 1000 K to 1500 K with nearly equal probabilities.  

Figure 4.12.23 CH2O/T JPDF for five selected flames (LUPJ1-66, LUPJ1-110, LUPJ1-220, LUPJ1-330 and LUPJ1-418) 
at four axial locations (x/d=10, 24, 30 and 45).  

In Figure 4.12.23, JPDF plots for CH2O concentration versus temperature are presented. Note 
that the colormap in Figure 4.12.23 is linear. The experimentally determined CH2O/T profile 
(red curve) from the laminar LUPJ1-11 flame is plotted for comparison. At x/d=10, the 
CH2O/T JPDF of turbulent flames qualitative agrees with the CH2O/T profile of the laminar 
flame. The CH2O concentration rises with temperature and peaks at around 1000K for the 
flames LUPJ1-66/110 and 800K for the flames LUPJ1-220/330/418. Subsequently, the CH2O 
concentration decreases with increasing temperature. This is analogous to the process of fuel 
decomposition reactions that produce CH2O (seen as the rising branch), which is then followed 
by the oxidization of CH2O at high temperature (seen as the decreasing branch). The shift of the 
temperature of the peak CH2O concentration towards lower temperature with increasing jet 
speed indicates that the fuel decomposition was accelerated by the enhanced transport of radicals 
under conditions of stronger turbulence. At locations downstream of the selected flames, the 
consumption branch of the CH2O JPDF profiles at high temperatures remains a similar trend, 



although the distribution departures from the corresponding laminar profile. Contrarily, the 
rising branch at low temperatures in the CH2O JPDF profiles due to the fuel decomposition is 
greatly reduced or has disappeared completely. This is owing to that the dominant fuel 
decomposition process has been completed at the upstream locations where CH2O is generated 
and transported by the flow to locations downstream. This is supported by the measurements of 
Sjöholm et al. 1  under similar flame conditions which show lesser amounts of fuel to exist 
downstream (x/d>20). This suggests that the disappearance of the rising branch in CH2O JPDF 
profiles is attributed to the absence of fuel at locations downstream. Note that CH2O is located 
mostly within the area delimited by the red curve as at T>1600 K, above which CH2O is quickly 
consumed. At x/d=45, CH2O exists mainly within the temperature range of 1100 K to 1500 K 
which, as shown in Figure 4.12.22 at the same axial location, coincides with the regions where 
most of the OH radials also exist.  
It has been shown in Figure 4.12.18 and Figure 4.12.19 that distributed HCO/CH radicals can 
be substantially overlapped with CH2O at x/d>35. Accordingly, it can be expected that 
distributed HCO/CH radicals also exist in the same temperature range (1100 K to 1500 K) as 
CH2O. In a flame similar to LUPJ1-165 but with a smaller pilot flame (20 mm in diameter), Li et 
al.2 has demonstrated that the top of the flame can be completely quenched due to significant 
heat loss by the ambient air entrainment, which is contrary to the observation of a broadened 
reaction zone at the top of the flame in LUPJ1-165 (cf. Figure 4.12.18 (B) and Figure 4.12.19 
(B)). This difference indicates that temperature could be important for the occurrence of the 
distributed reactions. Within the temperature range from 1100 K to 1500 K, the temperature is 
above the cross-over temperature which sustains the flame and prevents extinction, whereas at 
the same time being sufficiently low so that the oxidization reactions do not proceed as quickly 
as they would in a laminar flame. 

 Visualization of multi-regime turbulent combustion in swirl-stabilized lean 
premixed low-swirl flames 

B. Zhou, C. Brackmann, Q. Li, P. Petersson, Z.S. Li, X.S. Bai and M. Aldén

Low-swirl stabilized lean premixed flames (LSFs) bear the advantages of low NOx emission, 
stable flame operation and low noise, and therefore have the potential to be employed for gas 
turbine applications. The present work concerned two methane/air LSFs, designated as LSF-1 
and LSF-2 with Reynolds numbers of 20000 and 50000, respectively, using simultaneous PLIF 
measurements of CH, OH and CH2O.  
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Figure 4.12.24 Photographs of 
investigated flames, LSF-1 and LSF-2 
with 200 ms exposure time. The dashed 
squares indicate the area that has been 
investigated by PLIF measurements.  

 

Direct photographs of LSF-1 and LSF-2 are shown in Fig.4.12.24. The two flames exhibit a 
rather similar lift-off distance of ~ 30 mm above the burner exit, whereas LSF-2 shows a 
significantly smaller flame chemiluminescence volume than that of LSF-1, a matter that can be 
explained by the increased ambient air entrainment downstream of the flame. The region in 
which the PLIF measurements were performed is marked out by the dashed squares in 
Fig.4.12.24, which cover the leading flame front region (LFF, at height above burner, HAB of ~ 
30mm), the flame trailing edge region (FTE, ~ 30 mm <HAB< 55 mm) and the central region 
of the flame further downstream (HAB> 55mm). Most of the previous experimental and 
numerical investigations have been focused on the LFF region where the LFF has been shown 
to be thin and of typical laminar flamelet structure. Slightly downstream, the existence of 
extinction holes in the FTE region is due to the ambient air entrainment. The Karlovitz number 
of the investigated flames is estimated to be about unity at the LFF region and about 30 in the 
FTE region, their thus being located in the corrugated/TRZ regimes in the Borghi diagram. The 
fuel/air mixture diluted by the entrained ambient air can leak through the holes into the 
downstream regions and mix with the hot combustion products. The characteristics of the 
leaked unburned fuel/air mixture downstream are not adequately studied by experiments. This is 
re-examined in the present work.  



Figure 4.12.25 Examples of simultaneous PLIF measurements of (A1-A2) CH2O/OH (B1-B2) CH/OH and (C1-C2) 
CH/CH2O for LSF-1 (Re=20000). The local structures of two simultaneously measured species as marked by the dashed square are 
shown in (A3-C3) 

Figure 4.12.25 shows examples of three series of simultaneous PLIF images for LSF-1: (A) 
CH2O/OH, (B) CH/OH and (C) CH/CH2O. Each image consists of four independent 
instantaneous PLIF image pairs recorded at different HAB positions. As can be seen in Figure 
4.12.25 (A1-A2), the LFF of LSF-1 contains a thin CH2O layer that partially overlaps with the 
high-gradient OH front, exhibiting a typical laminar flamelet structure. OH radicals prevail over 
a large area downstream of the LFF, signifying a region with hot combustion products where the 
mean temperature up to 1700 K has been measured. In the downstream regions (HAB>55 mm) 
where fuel was found to widely exist, intermediate reactant, CH2O appeared distributed in space 
with reduced maximum signal level by a factor of 2 as compared with the LFF region. This 
indicates that the leaked fuel in the downstream regions can continue to react. The 

corresponding mean temperature   along the central axial direction decreases gradually from 

1600 K (at HAB=55 mm) to 1000 K (at HAB=140 mm) due to the entrainment of ambient air. 
More strikingly, Figure 4.12.25 (B-C) shows that the short-lived CH radicals can be distributed 
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and coexists with CH2O in wide regions downstream, similar to the observed distributed 
reactions in the LUPJ flames but with completely different burner configuration. Furthermore, at 
some downstream locations as marked by the circles in Figure 4.12.25 (C1-C2), the CH signal 
disappears whereas CH2O still survives, which very likely signifies local quenching of the 
distributed reactions due to cooling of the entrained ambient air. In contrast to the distributed 
reactions downstream, the CH layer in the LFF/FTE regions is thin. As further shown in Figure 
4.12.25 (A3-C3), the CH layer is shown to locate downstream of the CH2O layer and upstream 
of the OH layer, coinciding with the layer in which OH and CH2O partially overlap. It is 
noteworthy in Figure 4.12.25 (C3) that the CH layer in the FTE region remains thin and intact, 
whereas the CH2O layer is distorted by small turbulence eddies, which can be considered as a 
typical flame front structure in the TRZ regime.  

Simultaneous PLIF measurements of LSF-2 are shown in Figure 4.12.26. Similar to LSF-1, the 
flamelet-like structures of LSF-2 (cf. Figure 4.12.26 (A3-C3)) in the LFF/FTE regions and the 
distributed reactions in the downstream regions are also found, whereas LSF-2 displays more 
wrinkled structures in the LFF/FTE regions owing to the smaller scales of the turbulent eddies 
in higher Reynolds number flame. It appears that the distributed reactions start earlier in space 
with increased the Reynolds number as indicated by the occurrence of a distributed CH layer 
with HAB ~<50 mm shown in Figure 4.12.26 (B1-C1). Furthermore, quenching of the 
distributed reactions (indicated by the absence of the distributed CH regions) were not observed 
within the region with HAB < 50 mm where the distributed reactions are well surrounded by hot 
combustion products and are less affected by the ambient air entrainment. In contrast, 
significant quenching of the distributed reactions can be found at locations downstream 
(HAB>60 mm), a matter which is less obvious for the LSF-1 case. This can likely be attributed 
to the excessive cooling of the ambient air entrainment at the current higher Reynolds number 

case. As shown in a recent numerical simulation , the temperature in the downstream regions of 

the flame LSF-2 can be significantly lower than 1000 K, whereas the mean temperature for the 
flame LSF-1 in the same regions is constantly higher than 1000K. Consistent with the finding of 
distributed reactions in the LUPJ flames, the present study supports that the distributed reactions 
occur above certain temperature, which, in the present cases, is about 1000 K, whereas below 
this temperature CH is quenched.  

In summary, the present study reveals an interesting feature of LSFs, namely the LSFs are shown 
to span spatially over many combustion regimes which covers the corrugated flamelet regime in 
LFF region, the TRZ regime in FTE region and the DRZ regime in the downstream region. This 
result provides a direct experimental evidence along with the one found in LUPJ flames that 
distributed reactions can be a common combustion mode. 
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Figure 4.12.26. Examples of simultaneous PLIF measurements of (A1-A2) CH2O/OH (B1-B2) CH/OH and 
(C1-C2) CH/CH2O for LSF-2 (Re=50000). The local structures of two simultaneously measured species as marked by 
the dashed square are shown in (A3-C3) 

  



 

4.13 Stray-light rejection using spatial lock-in analysis 

Andreas Ehn, Elias Kristensson, Joakim Bood, Emil Nordström, Jiajian Zhu, Edouard Berrocal, Per-Erik Bengtsson, 
Marcus Aldén, Sven Huldt1, Hampus Nilsson1 

Stray light has been a challenge in spectroscopy for decades and especially in Raman 
spectroscopy where spectral lines, associated with molecular vibrations and rotations, are only 
slightly shifted from the laser wavelength. Even though sophisticated sharp spectral filters2 and 
tandem monochromators3 are available, problems with stray light can still arise when Raman 
spectroscopy is applied. We have developed a general solution to the stray light problem: 
Periodic Shadowing (PS)4, which is effective, surprisingly simple and adds nearly no experimental 
complexity or cost. 

The principle behind Periodic Shadowing can be divided into two different parts, associated with 
(1) experimental hardware and (2) data analysis. The hardware modification consists of adding a 
periodic pattern at the entrance slit of the spectrometer. This is illustrated in Fig. 4.13.1(a), where 
the periodic pattern is transversely oriented to the spectrometer slit. Such a modification will 
make all spectral features modulated in the spatial domain, shown in Fig. 4.13.1(b). 

 

Figure 4.13.1 (a) A Ronchi grating is mounted at the entrance slit of an imaging spectrometer to modulate the spectrum in 
the spatial dimension. (b) Part of an emission spectra from a cadmium line, where the spectral line is modulated in the 
spatial domain. The inset shows that stray light, which does not sustain the modulation, overwhelms a weaker adjacent 
spectral line, which is intensity modulated (indicated by white arrows). The dynamic range in this inset has been altered to 
make the weak spectral line visible. 

In contrast to spectral features that are imaged in the focal plane of the spectrometer, stray light 
that scatters in the spectrometer or leaks into the spectrometer in unintended ways will not be 
spatially modulated. To distinguish the modulated from the non-modulated signal a frequency- 
and phase sensitive demodulation algorithm, based on lock-in amplification5, can be used. 

Rotational Raman spectra of nitrogen and oxygen were acquired to demonstrate the capability of 
rejecting the stray-light that originates from the laser. These results are shown in Fig. 4.13.2 (a) 
and (b) along with raw data (conventional signal). The stray light-free spectra are further 
compared with modeled rotational Raman signals (Fig. 4.13.2 (c) and (d)), showing good 
agreement. 
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Figure 4.13.2. Rotational Raman spectra of nitrogen (a) and oxygen (b). The red signal refers to the raw data which 
includes the Raman signatures and interfering stray light contribution from the laser whereas the blue spectra have been 
acquired and processed using the PS-concept. Note that the signals have been normalised and that the intensity of the 
conventional signal actually is higher than the PS spectra. (c, d) Simulated rotational Raman spectra, showing good 
agreement with experimental results. 

 

  



 

4.14 Optical measurement in reciprocal engines 

Study of the Early Flame Development in a Spark-Ignited Lean Burn Four-Stroke Large 
Bore Gas Engine by Fuel Tracer PLIF 

Rikard Wellander, Joakim Rosell, Mattias Richter, Marcus Alden, Oivind Andersson, and Bengt Johansson, 

Jeudi Duong 1, Jari Hyvonen. Wartsila 1 

For the very first time PLIF images have been recorded in a four-stroke large bore optical engine 
(bore 340 mm) operating on natural gas. The work focuses on the ignition process in the main-
chamber but challenges such as; achieving optical axes, proper seeding and compensating from 
optical aberrations associated with laser based optical measurements in large combustion 
chambers were also a significant challenge in this work. 

The experiments were performed on a single cylinder test engine with a combustion system from 
the Wärtsilä 34SG engine (SG-Spark Gas). This is a port fuel injected lean burn gas engine with a 
spark plug ignited pre chamber. Planar cross-sections of the in-cylinder fuel distribution were 
identified by laser induced fluorescence from acetone seeded to the gaseous fuel. 

The quadrupled output from a pulsed Nd:YAG laser (Continuum Powerlite DLS 9010) was used 
as excitation source and its repetition rate was set to 6.25 Hz in order to match the combustion 
frequency of the engine running at 750 rpm. Fig. 1 shows a schematic of the experimental setup. 

 

Figure 4.14.1 Image on the setup and description of the correction optics. A graph paper with and without correction optics 
are also shown. The laser sheet position is shown as well, and the field of view is represents by the dotted lines. 

The acetone fluorescence is imaged with an image intensified CCD camera (Princeton PI-
MAX3) with a Scheimpflug (tilt) adapter on it as the camera is placed at a non-perpendicular 
angle to the laser sheet (see Fig. 4.14.1). The curved inner surface of the liner window will 
increases the field of view, but the window will also induce a focal shift and an inhomogeneous 
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demagnification in the horizontal dimension. A specially designed cylindrical lens (f=3200 mm) 
was inserted in front of the camera lens to compensate for the focal shift, seen in Fig. 4.14.1. 

As the laser light propagates through the burning jet, emerging from the pre-chamber, it will pass 
through boundaries of different density, and thereby different index of refraction. The laser light 
will thus be refracted and create variations in the signal. The bright and dark stripes in Fig. 4.14.2 
a, b, c, d, visualizes this effect. Induced optical aberrations as this are not as apparent in more 
regular sized optical combustion engines, e.g. a car or a truck engine. However, in an engine of 
this scale such interference must be taken into consideration whenever the degree of spatial 
resolution is critical. 

 

Figure 4.14.2. Rotational Raman spectra of nitrogen (a) and oxygen (b). The red signal refers to the raw data which 
includes the Raman signatures and interfering stray light contribution from the laser whereas the blue spectra have been 
acquired and processed using the PS-concept. Note that the signals have been normalised and that the intensity of the 
conventional signal actually is higher than the PS spectra. (c, d) Simulated rotational Raman spectra, showing good 
agreement with experimental results. 

Results 

The measurements conducted revealed the presence of a significant temporal delay between the 
occurrence of a pressure difference across the pre-chamber holes and the appearance of hot 
burnt/burning gases at the nozzle exit. Variations in the delay affect the combustion timing and 
duration.  

 Further, the combustion rate in the pre-chamber does not influence the jet propagation speed, 
although it still has an effect on the overall combustion duration. 

 Also, PLIF images show that there is mainly lean unburnt gas, originating from the main-
chamber, that exit the pre-chamber in the initial phase of ignition, indicating incomplete mixing 
of the gases in the pre-chamber prior ignition. These findings are also supported by CFD 
modelling performed on the Wärtsilä 34SG combustion system.  

 Similar to the air entrainment in a diesel spray, the jets exiting the pre-chamber causes 
pronounced entrainment of compressed fresh charges into the burning jets, thus promoting heat 
transfer and subsequent ignition.  

 Also it is found that the end gas predominantly resides close to the cylinder liner wall between 
the pre-chamber jets. 

 

 



 

Quartz study 

As the previous measurement campaign, in which fuel concentration and mixing process were 
investigated by planar laser induced fluorescence (PLIF) with partially premixed combustion 
(PPC), was unsatisfied due to the fluorescence from quartz glass which was much stronger than 
the useful fluorescence signal from PLIF tracer, acetone. In other words, the signal to noise ratio 
was extremely low in this measurement. And because the spectrum of fluorescence from quartz 
glass, such as optical piston and cylinder liner, was overlapping with that from acetone (both 
were around 400 nm), it is almost impossible to remove fluorescence only from quartz glass with 
optical filters. Therefore, an investigation of different quartz material was performed and new 
optical parts will be made by the best material, which should possess as low fluorescence as 
possible and reasonable price. 

Figure 4.14.3 illustrates the sketch (up) and real picture (down) of the experimental setup. A 
Nd:YAG laser was used combining with second harmonic generator (SHG) and fourth harmonic 
generator (FHG). After FHG, 266 nm wavelength laser beam was split by a Pellin-Broca prism. 
The power of the laser beam can be controlled by a laser power attenuator. A cylindrical lens 
(f=-150 mm) and a spherical lens (f=+200 mm) were utilized to create a 10 mm height laser 
sheet. The quartz sample was placed almost 45 degree against the laser sheet and reflected the 
scattering fluorescence signal to the ICCD camera. Several filters were used to cut off the 266 
nm wavelength and 532 nm wavelength lasers. 

 
 

Figure 4.14.3 Sketch (left) and photo (right) of the experimental setup. 

 

Table 1. Test quartz specification       

Table 1 depicts the material and supplier of 
different quartz samples. 100 images were 
captured for each quartz sample and fluorescence 
data was averaged to minimize the fluctuation of 
the laser. The up-left corner in fig. 4.14.4 shows 
the averaged picture of CaF2 quartz fluorescence. 
The two white rectangles in the middle of the 
quartz sample were the fluorescence on the front 
surface and back surface of the quartz. The 
rectangular shape is the same as the laser sheet. 
The whitish on the edge of quartz sample was 
due to the scattering light by its roughness 

Copany Test sample 

Impex 

CaF2 (Calcium Flourid) 

MgF2 (Magnesium Flourid) 

Sapphire (UV Qualität) 

Aachener 

Quarzglas 

Suprasil 1 

Suprasil 2A 

Suprasil2B (S2B) 

SQ1  

J-Plasma GmbH 

SQ1 – 7 

SQ1 – E248 

SQ – E193 

Heraeus Suprasil UVL 

Took from 

GenDies lab 

Cylinder head side windows 



The averaged fluorescence intensity was evaluated and compared for all quartz samples as shown 
in figure 4.14.4. According to the experiment results, pictures of quartz surface fluorescence for 
all samples which were not shown here, there was no fluorescence signal inside the quartz 
samples such as Suprasil 2, Sapphire, CaF2 and MgF2 while it’s similar but non-conclusive results 
for the quartz samples such as SQ1, Suprasil 1 and S2B since these samples are very thin. SQ1, 
Suprasil 1 and S2B were found to be superior in terms of surface fluorescence. Namely, they 
have ultra-low fluorescence by 266 nm wavelength laser. And S2B has reasonable price for 
polishing to a standard diesel piston shape. Thus, we have ordered several optical parts made in 
S2B from Aachener Quarzglas. 

It is worth to mention that the quartz piston of Volvo D5 has at least 5 times higher 
fluorescence intensity than S2B material, especially inside the quartz piston. 

 

Figure 4.14.4. Averaged fluorescence intensity of all the quartz samples. 

High speed PIV in a light-duty PPC engine 

The objective of the study is to investigate the influence of different injection strategies on in-
cylinder flow field and fuel air interaction and mixing with a re-entrant piston bowl design. It is 
obvious that triple injections is quite different from double or single injections, but the 
magnitude in e.g. induced turbulence is not well known. In this work, the differences between 
injection strategies and their effects on the in-cylinder flow and air fuel interaction will be 
investigated 

To the author s’ knowledge, this is the first time high speed PIV has been implemented in a PPC 
engine with such realistic piston bowl shape. The in-cylinder flow field in the combustion 
chamber with high temporal and spatial resolution was investigated to aid the understanding of 
the fuel air mixing. Ensemble average flow field and cycle-resolved fluctuations of instantaneous 
velocity, namely turbulence, was evaluated and compared for different injection strategies as well. 

Figure 4.14.5 illustrates the high speed PIV experimental setup which is similar to the one used 
by P. Miles et al. for performing 10 Hz PIV measurements 1  2  3 . For this high speed PIV 
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measurement, a commercial diode-pumped double-cavity Nd:YLF high speed laser from Dantec 
Dynamics (model type: DualPower 30-1000) was utilized. It was synchronized with the engine 
speed at every 2 crank angle degrees (CADs) by Dantec cyclic synchronization timing box. The 
time box received the CAD signal from an encoder mounted on the crankshaft The laser was 
running at 2.4 kHz for 800 rpm engine speed. A laser sheet with 25 mm height and less than 1 
mm thickness was generated by light sheet optics from Dantec Dynamics. The laser sheet 
entered from the side of the engine illuminating the piston bowl and squish areas in the 
combustion chamber. The injector nozzle used has 5 holes. Thereby the laser sheet was hitting 
one of the spray plumes as shown in the top-view of Figure 3. All the measurements in this work 
were made with a vertical laser sheet which is the tumble plane. 

 

Figure 4.14.5. Schematic diagram 
of PIV experiment setup. 

A high speed CMOS camera (Dantec Dynamics SpeedSense 710) was placed at another side of 
the optical liner, perpendicular to the laser sheet, to capture the PIV images as shown in Figure 
3. Because of the symmetric feature of the combustion chamber, the field of view was set to 
cover only half of the piston bowl area and squish region. The camera, which was synchronized 
with the laser through use of a Dantec cyclic synchronization timing box, can get double frames 
for every 2 CADs. The resolution of the camera was set to 1040 * 440 pixels to achieve a proper 
frame rate. The exposure time was 66 µs for the first image and about 350 µs for the second 
image. 

The time difference between two frames was 20 μs. It’s a trade-off between more accurate 
vectors in the full range of anticipated velocities and the time interval as pointed out by P. Miles 
et al. 1. Hence, after enough trials, the out-of-plane motion was proved to show less impact within 
this time interval and the maximum particle displacement was less than one quarter of the 
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interrogation window size. The latter is important since the error rises with if the displacement 
increases too much 1.  

A Nikon (AF Nikkor) f=105 mm visible-light lens with an extension ring (Nikkor PK-13) were 
mounted on the high speed camera used for capturing the PIV images. In order to compromise 
between the distortion/de-focusing effects caused by the re-entrant piston bowl shape and the 
signal to noise ratio, the aperture of camera lens was set to f#16. The geometrical distortion can 
be compensated for in post-processing by image dewarping as discussed in a later section. The 
long readout time for the first frame of the camera can cause background interference on the 
second frame 23. However, in this experiment, the exposure time of the second frame was limited 
to about 350 µs so that the background interference was largely suppressed. Thus, no extra 
device was implemented such as mechanical shutter in this experiment. 

Titanium dioxide (TiO2) powder from Struers Company was used as PIV seeding particles. It 
was dried in the oven over 24 hours at 110 oC to prevent them from aggregating. The diameter 
of the TiO2 particle is around 2.5 µm and its density is 4260 kg/m3. According to 
thermodynamic conditions near top dead center (TDC), the particle time constant (τ) is around 
40 µs by calculation that is slightly larger than the Kolmogorov time scale, which indicates the 
seeding particles are able to follow the flow structure and the turbulence. The seeding particles 
were supplied by an aluminium cylindrical container with tangential inlet flow which can provide 
strong swirl and turbulent flow inside to get uniform seeding particles in the air. The outlet of 
the container was connected to the intake manifold where seeding particles were mixed together 
with intake air and EGR. The EGR was supplied by the exhaust gas from an external burner 
burning conventional (MKI) diesel at stoichiometric conditions to produce mainly CO2 and 
water vapour. Due to the water vapour in the EGR, static electricity of the particles was reduced. 
As a result, the chance of adhesion to the internal surfaces of the optical engine, such as piston 
bowl and cylinder liner was alleviated. The flow rate of seeding was controlled by a Bronkhorst 
mass flow controller (MFC) with 13 ln/min which was found to be an optimal value for this 
engine speed. 

Table 2 depicts 10 cases including no injection (motored case), single, double and triple 
injections at different SOI timings in this study. These conditions were found to have very low 
COV of IMEP for PPC mode under different injection strategies with combustion event. The 
engine was heated to a cooling water temperature of 70 oC and the intake pressure and 
temperature were 1.14 bar and 80 oC, respectively. These settings mimic the conditions prevailing 
when the engine was operated with combustion. For each case, 40 consecutive cycles were 
recorded and evaluated. The engine thermal conditions were kept constant throughout the 
measurements. 

Figure 4 represents the ensemble averaged results of motored cycles with every 2 CAD interval, 
in which there was no injection event. The direction of the vector illustrates the direction of the 
flow and the color of the vector indicates the magnitude of the flow speed in Figure 4. From 20 
CAD before top dead center (bTDC) to 10 CAD bTDC, the direction of mean flow field was 
towards upward, which means the flow in the piston bowl was driven by the piston motion. Due 
to the squish-swirl flow interaction, a clockwise vortex was observed in the re-entrant piston 
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bowl from 6 CAD bTDC to TDC. This is very close to what P. Miles et al. found in a DI diesel 
engine with similar re-entrant bowl shape piston 12. 

 

Figure 4.14.6. Ensemble averaged flow field of motored case. 
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After TDC position the vortex was mitigated and moving to the upper position of the piston 
bowl area. The flow direction and flow structure were kind of arbitrary. That means the small-
scale turbulence was enhanced while large-scale flow structure such as bulk flow structure was 
weakened. At 8 CAD after top dead center (aTDC), one clockwise vortex coexisted with another 
counter-clockwise vertical structure in the piston bowl which also shows fair agreement with the 
observation by P. Miles et al. 1 0. At 14 CAD aTDC, the reverse-squish flow emerged. Due to no 
combustion and no volume expansion in this case, reverse-squish flow maintained very little 
amount as expected. The main flow structure followed piston motion when piston was 
descending during expansion stroke. 

Figure 5 describes the cycle-resolved averaged TKE of motored case and single injection cases 
from -20 CAD bTDC to 20 CAD aTDC.  

Before TDC, the TKE of the motored case increased with CAD and it reached the maximum 
value near TDC. That is because the squish flow interacted with the swirl flow inside the 
cylinder. When the piston is moving upward and approaching TDC, the flow in the squish 
volume is compressed and pushed into the piston bowl. The kinetic energy increasing ratio is 
(B/D)2 as described by J. Heywood 2. B is the bore diameter and D represents the piston bowl 
diameter. The re-entrant shape of piston bowl redirected the flow which was squeezed by the 
shrink of squish volume and generated a bulk flow structure inside piston bowl. With the 
ascending of piston, the bulk flow structure broke down and turbulence increased. 

  

Figure 4.14.7. Cycle-resolved averaged TKE of motored 
case, S16 case and S24 case. 

Figure 4.14.8. Ensemble averaged flow field and cycle-
resolved averaged TKE for case S16 (left column, point a in 
Fig. 7) and case S24 (right column, point b in Fig. 7). 

  

Figure 4.14.9. Cycle-resolved averaged TKE of case D53-
17, case D52-14 and case D52-20. 

Figure 4.14.10. Cycle-resolved averaged TKE of case 
D53-17, case T63-30-17 and case T63-30-12 
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The point a and b in Figure 4.14.7 are presented into ensemble averaged flow field and cycle-
resolved averaged TKE for both case S16 and case S24 as shown in Figure 4.14.8. From TDC to 
10 CAD aTDC, the large-scale flow structure such as swirl flow has been broken down and the 
turbulence starts to dissipate with the descending motion of the piston. And the reverse-squish 
flow is another source of decreasing the TKE as well. After 10 CAD, the turbulence level keeps 
almost constant with the piston motion. 

The TKE of single injection cases, case S16 and case S24, has much high value than the one of 
motored case. These two measurement points were recorded before the SOI. At 20 CAD bTDC 
and 18 CAD bTDC, TKE of case S16 has the same level as motored case as shown from point c 
and d in Figure 4.14.7.  

For single injection strategy, if the SOI happens after 17 CAD bTDC, the TKE is proportional 
to the fuel amount injected into the piston bowl. The larger amount of fuel injection increases 
TKE rapidly. 

Figure 4.14.9 and 4.14.10 show the cycle-resolved averaged TKE of double injection and triple 
injection cases.For double injection strategy, the first injection at 45 CAD bTDC has very little 
influence on the turbulence at 20 CAD bTDC. For early SOI time of first injection like 35 and 
53 CAD bTDC has no influence on the turbulence level after TDC. As a result, the second 
injection of the double injection strategy plays a main role of TKE level if the whole spray enters 
into the piston bowl. For double and triple injection strategies, regarding the last injection, if too 
little amount of fuel was injected into piston bowl that will only affect the turbulence before 
TDC and such influence will disappear after TDC. Similar to single injection strategy, the later 
SOI, the higher TKE could be obtained before TDC for both double and triple injection 
strategies 

 

Lift-Off Length in an Optical Heavy-Duty Diesel Engine 

G. Lequien, Z. Li, Ö. Andersson and M. Richter 

The lift-off length of a diesel jet is defined as the distance between the nozzle of the injector and 
the first downstream location of the diffusion flame. This parameter is an important 
characteristic of diesel jets since ambient air-entrainment into the central, soot-forming region of 
the jet is only feasible up to the lift-off position. 

OH radicals have been demonstrated to be a suitable marker of the lift-off region of diesel jets 
and can therefore be used for determining the lift-off length. However, collection of the OH 
chemiluminescence signal can suffer from high background levels of soot radiation. This is 
especially true in optical engine applications, where soot clouds are recirculated toward the center 
of the combustion chamber after piston bowl-wall impingement. The flame spectra shown in 
Fig. 4.14.11 are composed of a background due to natural soot luminosity and of a clear distinct 
narrow peak centered near 310 nm corresponding to OH* emission. The background intensity is 
lower than the OH chemiluminescence peak in the selected wavelength range. For this reason, 
an attempt is made in this study to reduce the background from natural soot incandescence 
luminosity on the images. Stereoscopic imaging is used to simultaneously acquire two images of 
the sprays at different wavelengths. One image is taken at the wavelength of the OH emission 
peak, this image is called online. The second image is taken outside of the OH emission peak and 
is called the offline image. The online image contains both the OH chemiluminescence signal 
and some soot background. The offline image only includes soot background. Subtraction of the 
two images can therefore reduce the soot background. 

An example of a processed image after subtraction of the offline image is displayed in Figure 

8.14.12. The online image is on the left hand-side and the offline image in the middle. The 
resulting subtracted image is on the right hand-side. Pixel intensities from the three images can 



be compared since they are displayed with the same color scale. Although pixel intensities are 
lower on the offline image than on the online one, a scaling ratio below one was selected. This 
conservative choice allows to reduce the soot radiation pollution while preventing excessive 
signal removal on the online image. 

  

Figure 4.14.11 Flame emission spectra near the lift-off 
region of one of the sprays of the 0.1 mm injector. Intake 
oxygen concentration is varied from 15 to 21 [%vol] and 
emission spectra are acquired at CA50 timing. 

Figure 8.14.12. Stereo images with the online image on 
the left-hand side, the offline image in the middle and the 
subtracted image on the right-hand side. Same color scale is 
used for all images. These images correspond to operating 
conditions with 19 [%vol] intake oxygen concentration, 200 
MPa of fuel injection pressure, 373 K intake air 
temperature and 20 kg/m3 for the TDC motored density. 
The recorded timing in CAD is placed on top of the images 
and the scale at the bottom of the images. The injector 
location is marked by a white dot. 

 

Lift-Off Length in an Optical Heavy-Duty Diesel Engine 

The presence of OH radicals as a marker of the high temperature reaction region usually has 
been used to determine the lift-off length (LOL) in diesel engines. Both OH Laser Induced 
Fluorescence (LIF) and OH* chemiluminescence diagnostics have been widely used in optical 
engines for measuring the LOL. In this study, a simultaneous OH-LIF and OH* 
chemiluminescence imaging measurement has been performed in an optical heavy duty engine. 

The flame LOLs were calculated from the two methods. Down-swirl results from the 30 
simultaneous measurements are shown in Figure 4.14.13. Each blue circle represents a down-
swirl LOL determined by OH-LIF. Red squares show the corresponding LOLs from OH* 
chemiluminescence. With a correlation coefficient of 0.9461 the two datasets show a high degree 
of correlation, as expected. Large cycle-to-cycle variations of the LOL are evident for both 
techniques. Previous work has shown that these variations are greater than 16% in this engine 
condition. The difference between the methods is substantially smaller than this, underlining the 
importance of comparing simultaneous data. As the offset between two techniques is smaller 
than 16% it is obviously challenging to separate it from cycle-to-cycle variations or other large 
effects. 

By applying paired t-test on the data shown in Figure 4.14.13, the two methods yield LOLs that 
are significantly different, even at the 99.9% confidence level (p<0.001). 

From the sketch where the flame is depicted as being cylinder symmetric it can be seen that as 
long as the laser sheet is thinner than the flame diameter in the lift-off region, the LOL from 
OH* chemiluminescence will appear as being shorter than the corresponding LOL from OH-



 

LIF. The Boditch design of the optical engine allows for imaging from below, hence, the LOL 
from OH* chemiluminescence and OH-LIF are both calculated from the vertical projections of 
the probed OH radicals in the flame. From the chemiluminescence images, the flame width (and 
diameter if the flame is considered symmetrical) in the lift-off region was estimated to be 6 mm. 
Given a 3 mm thick laser sheet and a symmetric flame in this engine geometry, the combination 
of spray angle and projection results in a 0.44 mm offset (which is 2.6% of the LOL determined 
by OH-LIF) between the techniques as illustrated in Figure 4.14.14. The thicker the laser sheet, 
i.e. the more volume the laser sheet covers, the smaller will the difference between the LOL 
obtained with these two techniques be. In reality where the flame is asymmetric and constantly 
changing shape, a thicker laser sheet is more likely to capture the most upstream location of OH 
compared to a thin sheet centered along the spray axis. Ideally, for comparison of these two 
techniques, the laser sheet should be thick enough to cover the whole flame area in the lift-off 
region. 

 
 

Figure 4.14.13. A plot of LOL determined by the two 
methods. Each blue circle represents the LOL measured 
from the OH-LIF image recorded in the N:th cycle. The 
red squares represent the LOL measured from the OH* 
chemiluminescence images 

Figure 4.14.14 Schematic graph of the side view of the 
combustion chamber. 

 

A study of soot oxidation using simultaneous OH-LIF and LII imaging 

Ted Lind, Zhe-Ming Li, Nils Erik Olofsson, Per Erik Bengtsson, Mattias Richter, Öivind Andersson 

Late cycle soot oxidation in diesel engine appears to be of paramount importance with regards to 
soot emissions. Stricter emission regulations require further improvements of todays engines. 
OH is an important oxidizer. The rate of oxidation depends on the availability of oxidizers. The 
present work studies that OH radicals do affect the soot oxidation rate. If so, how does it affect.  

In this work, simultaneous OH-LIF and soot-LII measurement has been applied in an optical 
heavy duty engine. Figure  is a schematic graph of the experimental setup. A Nd:YAG laser 
coupled with dye laser and doubler were used for OH-LIF excitation. The laser was at 284 nm 
and 20mJ/pulse. Another laser was used for soot-LII. The laser was at 1064 nm and 200 
mJ/pulse. The two laser sheets were combined together right before the optical engine window 
by a dichroic mirror. Two ICCD cameras were mounted perpendicular by the engine. 

Figure 4.14.16 shows an example of the engine experiments results. To the left is the OH-LIF 
image, in the middle is soot-LII image recorded simultaneously. To the right is an overlaid image 
of the OH-LIF and corresponding soot-LII images. The data is currently under processing. 



 

Figure 4.14.15 Sketch of the experimental setup 

 

 

 

Figure 4.14.16. On the left is the OH-LIF image, in the middle is the soot-LII image collected simultaneously. To the 
right is an overlaid image of simultaneous OH-LIF and soot-LII images. The red represents for LII signal and the green 
represents for OH-LIF 

 

 



 

4.15 X-ray studies of small nanoparticles produced in flames 

 F. Ossler, Linda Vallenhag, Sophie E. Canton1.  

During the last years the research and development has been focused on the diagnostics and in-
situ measurements and analysis of small nanoparticles in ethylene flames using the combined 
multichannel Small-Angle and Wide-Angle X-Ray Scattering (SAXS and WAXS) detector 
developed in house for in-situ studies of particle generation processes in combustion2,3. 

The experiments were performed at the European Synchrotron Facility (ESRF), beamline ID-12, 
where vertically polarized X-ray radiation was used to generate scattered photons from the flame 
region of sufficient intensity in the WAXS region to measure the chemical composition of major 
molecular flame species4,5. The retrieval of the composition of the flame gas was compared with 
chemical calculations. The WAXS also allowed the determination of temperature. The main 
information on the small nanoparticles was contained in the SAXS signal, which also included 
the contribution from the major molecular flame species, which had to be taken into 
consideration in order for a correct evaluation of nanoparticle size and concentration. The 
results showed that very high concentrations of small nanoparticles in the range 1-2 nm were 
produced in different investigated flames including regions close to the burner surface. These are 
important implications for combustion chemistry related to particles formation and health 
oriented aspects related to potential release of the small nanoparticles into the environment.  

SAXS and WAXS data on the dynamics of particles formation and phase transitions from a 
previous campaign at the ESRF, beamline ID-02 were analyzed. The data collections were 
performed with horizontal polarization of the X-ray radiation and the detection system available 
at the beamline. Due to the particular set-up SAXS data was acquired for a wide size range of 
particles, 1-200 nm, so that the dynamics in almost the entire process chain from the earliest 
phases of formation, through aggregation/coagulation, to final clustering into mature soot in the 
gas phase and during phase transitions from the gas to a metal plate inserted in the flame was 
investigated 6 .  Results from the measurement campaigns at ERSF ID-12 and ID-02 are 
summarized in the PhD thesis of Linda Vallenhag7. 
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The work has also included studies using High-Resolution Transmission Electron Microscopy 
(HRTEM) 1 and infrared microscopy2 on samples extracted from flames. Below are shown some 
of the results from ESRF ID-12:  
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5 Combustion Research 

5.1 High pressure combustion rig  

R. Collin, R. Lorensson, S.-I. Möller and M. Aldén 

 

PROJECT DESCRIPTION 

Background  

The Lund High-Pressure Combustion Rig (below called “HPC rig”) is located in the Enoch 
Thulin laboratory at Lund University. The HPC rig is used for investigating phenomena and 
combustion processes related to industrial applications of gas turbine burners at different 
elevated pressure conditions. The facility is unique in Scandinavia and one of few in the world 
that enables optical investigations of gas turbine combustion at high pressures, temperatures and 
gas flows in a regime that mimic industrial applications. The HPC rig plays a central role in the 
research performed at the Division of Combustion Physics and within the Lund University 
Combustion Centre, LUCC. The HPC rig plays an essential part in the cooperation within the 
research program CECOST and within the Swedish gas turbine consortium Turbo Power. 

The HPC rig is a separate unit with its own air and fuel supply systems as well as an electrical air 
preheater that together implies precise control of the operating conditions. The general technical 
parameters of the HPC rig are: 

 Air flow rate up to 1.3 kg/s 

 Air inlet temperature up to 800 K 

 Pressure up to 16 bars 

 Liquid fuel flow rate up to 100 kg/h (corresponds to 1 MW burning power) 

 Natural gas flow rate up to 86 kg/h (corresponds to 1 MW burning power) 

The HPC rig is, despite of its complexity, a relatively small-scale facility compared to other high-
pressure rigs for gas turbine research and is able to handle both smaller and larger test objects. 
These features make it ideal also for smaller projects as preparation times can be short. 

Objectives  

The HPC rig activity facilitates the use of the HPC rig within CECOST and other 
national/international programmes with the general aim of deepening the understanding of high-
pressure condition combustion phenomena with relevance to gas turbine and aero-engine 
applications, for example high-pressure turbulent combustion. 

Methods 

The HPC rig is primarily designed for optical investigations of gas turbine and aero-engine 
related combustion at elevated pressure and temperature. The combustion chamber is equipped 
with optical access and it enables studies of “semi-industrial” character, e.g. alternative fuels, 
degree of vaporization, emission formation, instabilities and alternative combustion concepts. 
Optical access to the combustion chamber is made possible by quartz windows mounted at the 



test section and into the combustion chamber. A major benefit of the HPC rig facility is its 
location in direct connection to the advanced laser facility of LUCC. Thanks to the optical-
/laser-diagnostic competence and instrumentation at the LUCC, unique measurements can be 
performed and analysed. In addition, the HPC rig is continuously upgraded and modified in 
order to mimic conditions required for industrial gas turbine burners and combustion chambers. 
The latest modification involves the possibility to perform optical investigations of a down-
scaled version of the Siemens SGT-750 burner. This burner is currently used within the Turbo 
Power consortium in cooperation with Siemens. To complement this burner, Siemens is also 
planning for a new research burner intended to be used within the CECOST programme. The 
size of that burner will be suited for usage in the HPC rig. 

Depending on the scope of the different projects, possible tasks for the HPC rig are: 

 Increasing the understanding of the physical processes involved and how they interact 

 Testing new diagnostic techniques in a “semi-industrial” environment prior to their 
implementation in a full-scale application 

 Providing data for validation of combustion models 

 Investigating various gas turbine combustion concepts 

 Enabling studies of combustion using different fuels, for example natural gas and Jet-A, 
but also other alternative fuel-mixtures relevant to gas turbine burners 

 

PROJECT RESULTS 

Throughout the years, the HPC rig has been upgraded in different steps to match different 
demands on operating conditions and burners and it is continuously being adjusted to further 
increase the field of applications and to extend the operating time during continuous 
combustion. Major upgrades include a by-pass system for preheated air and increased water 
cooling capacity which has considerably increased the operating time, in particular for conditions 
with high preheating temperatures in combination with low air mass flows. The HPC rig facility 
has been provided with its own exhaust gas analyzer system measuring CO, CO2, NO, NO2, O2, 
and unburnt hydrocarbons. A dilution system has been built to make it possible to dilute natural 
gas with any other gas if needed (e.g. nitrogen). The most significant upgrade done on the HPC 
rig has been achieved in collaboration with Siemens and includes a new improved combustion 
test section with larger combustion chamber and plenum to fit larger gas turbine burners with 
radial inlet, see figure 1. The new combustion chamber increases the combustion residence time 
from 3.5 ms to 14 ms in order to match conditions required for a down-scaled version of the 
Siemens SGT-750 burner used within the Turbo Power project. The combustor outlet was also 
made smoother, compared to the original version, to reduce upstream disturbances and 
distortion of the flame shape. 

The HPC rig has been used within the Turbo Power project to generate experimental data on the 
combustion of a down-scaled Siemens SGT-750 burner. Both the RPL section of the burner and 
the full burner configuration have been investigated with OH-PLIF when operated with 
different syngas fuel compositions (containing H2, CO, and CH4) during different high-pressure 
conditions to capture flame front and burnt gas regions in the immediate region down-stream 
the burner exit. For the RPL tests, measurements were performed at 3, 6, and 9 bars using 
different syngas fuel compositions with the equivalence ratios in the range between 0.8 and 1.8, 
see Figure 5.1.2 and 3. For the full burner configuration, natural gas was used as fuel and the 
total equivalence ratio was set to reach an adiabatic flame temperature of 1800 K. The full burner 
tests where limited to an elevated pressure of 6 bars due to the HPC rig limitation of 1 MW 
burning power. 



 

 

Figure 5.1.1. A picture of the new test section. 

 

 



The latest modification of the HPC rig test chamber was to build a complementary plenum 
section for an upgraded version of the Siemens SGT-750 burner used within the second phase of 
the Turbo Power project. That plenum fits the new burner design with the additional benefit, 
compared to the other plenum, that it enables optical access also to the conical outlet of the 
burner. In Figure 5.1.4 the new plenum is shown mounted and tested in an atmospheric-pressure 
configuration. To the left in Figure 5.1.4 a photograph of the new plenum and the optical 
accessible conical outlet of the burner is shown. In the center of the figure a photograph shows 
the optical access with the SGT-750 burner in operation. To the right of the figure an example 
of OH PLIF imaging visualizes the combustion occurring from inside the conical outlet of the 
burner. 

 

CONCLUSIONS 

The HPC rig  is primarily designed for optical investigations of gas turbine and aero-engine 
related combustion at elevated pressure and enables studies of ”semi-industrial” character, e.g., 
alternative fuels, degree of vaporization, emission formation, instabilities and new concepts. The 
HPC rig activity facilitates use of the HPC rig within the CECOST and other 
national/international programmes aiming at investigating high pressure condition combustion 
phenomena with relevance to gas turbine and aero-engine applications. The rig has been 
upgraded in steps to match different demands on operating conditions and burners. The latest 
major upgrade was performed in collaboration with Siemens where a new improved combustion 
test section were designed and built. This improvement made the combustion chamber and the 
plenum substantially larger which made it possible to fit larger gas turbine burners. The new test 
section was then used within the Turbo Power program to optically investigate the performance 
of a down-scaled version of the Siemens SGT-750 burner at elevated pressures when using 
different kind of syngas fuels. OH-PLIF measurements were performed successfully at elevated 
pressures ranging from 3 to 9 bars using the RPL section of the burner. For the full burner 
configuration the maximum pressure investigated was reduced to 6 bars due to the HPC rig 
limitation of 1 MW burning power. 



 

5.2 Low-swirl flame activities 

P. Petersson and M. Aldén 

Background and current status 

Combustion of fossil fuels in furnaces and gas turbines leads to hazardous emissions (e.g. CO, 
UHC, NOx, and particles) and production of greenhouse gases (mainly CO2) that result in global 
heating. Nitrogen oxides (NOx) including NO and NO2 are involved in the formation of 
hazardous groundlevel ozone, photochemical smog and acid rain. Fortunately, NOx emissions 
can be reduced by controlled combustion conditions. One established approach to lowering 
NOx emissions involves lowering the temperature by the lean premixing of fuel and air. 
However, the lean operation of combustors makes them prone to combustion instabilities and to 
flame extinction. In order to enable lean premixed combustion technology to be developed 
further, to improve flame stability and lower emissions, the understanding of the turbulence-
chemistry interaction needs to be improved and to be investigated under different combustion 
conditions.  

An increasingly important design tool in the development of new combustors is numerical 
simulations. Today Large Eddy Simulations (LES) are able to resolve questions concerning the 
large scale dynamic behavior of turbulent combustion1. LES needs to be validated, however, on 
the basis of experimental results obtained in dedicated laboratory burners to ensure adequate 
performance and refine combustion models. As a part of this work experimental studies of lean 
turbulent premixed flames stabilized by a low-swirl burner (Figure 5.2.1)2 are performed. Large 
Eddy Simulations (LES), are carried out by collaborating groups in parallel with the experiments. 
A validation database should include both the initial and boundary conditions and the relevant 
physical properties of the flames that are investigated, such as information concerning the mean 
flame front location and flame topology, as well as temperature and species concentrations, and 
the velocity field. A sufficient amount of data, spatially covering the entire region of interest 
needs to be acquired with use of suitable measurement techniques. Characterization of the 
turbulent flow field was carried out primarily by use of Particle Image Velocimetry (PIV), 
enabling two and three (stereo-PIV) velocity components, respectively, to be assessed in a given 
plane3. Volumetric Velocimetry (3D flow field measurements) was also performed in order to 
investigate the full 3D characteristics of the flow field4. In addition, flame-front visualization and 
fuel distribution measurements were obtained by use of Planar Laser Induced Fluorescence 
(PLIF). Characterization of the structure of turbulent flames are based on PLIF measurements 
of suitable flame front markers, such as the CH or the OH radical, the aims being to determine 
the flame front position, overall flame shape and local wrinkling3, 5. Simultaneous measurements 
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of the velocity field and of flame front location enabled information concerning the flame flow 
interaction that occurred to be collected. Such combined flow- and scalar field measurements 
were performed at high repetition rates for detailed studies of the propagation of lean turbulent 
premixed flames. In a recent investigation Rotational Coherent anti-Stokes Raman spectroscopy 
(RCARS) was applied for point measurements of temperature and oxygen concentration1, 2. 

The low-swirl burner 

A schematic overview of the burner used in the investigation is given in Figure 5.2.1. A burner of 
low-swirl design can stabilize very lean flames in a divergent turbulent flow field. With the flame 
lifted above the burner this target flame is ideal for detailed optical diagnostics. A schematic 
overview of the burner, the generated flow field and the lifted flame is given in Figure 5.2.1. 
Details of the burner design are found in3, 4 Lean methane/air flames were used throughout this 

study, with an equivalence ration ϕ=0.62. The three investigated Reynolds number based on the 
bulk flow velocity (6.2, 9.3 and 15.6 m/s) and diameter (50 mm) at the burner exit are about 
Re=20.000, 30.000, and 50.000. 

 

 

Figure 5.2.1. (left) Schematic drawing of the burner. (right) Outline of the flow field generated by the swirler arrangement and the 
propagating lifted flame. The flow is split through the perforated plate (v1) and the swirler (v2: axial component and w2: azimuthal 
component), outside the nozzle is a weak coflow (v3). 
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Flow field – 2D measurements 

Stereo-PIV was employed for assessing the three velocity components in the region above the 
nozzle in both the vertical and the horizontal plane. The measurements were performed using 
two pulses from a frequency-doubled Nd:YAG laser and two interline-transfer CCD cameras to 
collect the Mie scattered light from seeding particles that were added into the gas flow. With use 
of a stereoscopic camera setup and a 2 mm thick light-sheet, the out-of plane velocity could be 
evaluated, along with the in-plane velocity components. In Figure 5.2.2 the three velocity 
components is shown for both the non-reacting and the reacting (flame) case. The arrows 
represent the axial (U) and the radial (V) velocity components, respectively. The background 
color represents the circumferential velocity (W) i.e. showing the outer swirling flow region. A 
broadening of the inner low speed region flow field can be seen in the reacting as compared with 
the non-reacting case. The broadening is caused by the hot, expanding flame region increasing 
the divergence of the flow. Stagnation occurs in the downstream direction along the center axis 
for both cases. For the reacting case, a reverse flow can be seen along the axis in the upper part 
of the flow field. 

 

Figure 5.2.2. The time-averaged velocity field for non-reacting and reacting cases obtained from stereo-PIV, Re=30,000. The arrows 
represent the axial (U) and the radial (V) velocity components, respectively. The background color represents the circumferential velocity 
(W). The peak velocities at the nozzle exit are Umax = 16 m/s and Wmax = 12 m/s. 

Flow field – 3D measurements 

The feasibility of Volumetric Velocimetry, also known as 3D PIV or Tomographic PIV, was 
tested under both reacting and non-reacting conditions in a low-swirl burner setup. The 
measurement system consisted of four CCD cameras mounted on Scheimpflug adaptors to 
ensure the overlapping of the different depths-of-field. The cross-wise arrangement of the 
cameras around the lifted flame is shown in Figure 5.2.3. Two combined Nd:YAG lasers were 
used for illuminating the investigated volume, about 50x50x15 mm3. Each laser delivered 
approximately 300 mJ of energy per pulse at a wavelength of 532 nm. As seeding (flow tracers) 
5-10 µm aluminum oxide particles were used and the seeding density was about 0.03 ppp 
(particles per pixel) in the flame region. 

The positions of the particles were reconstructed from the four camera views through use of a 
tomographic technique (Figure 5.2.3), in an array of typically 500x450x200 voxels at a voxel 
resolution of 0.1 mm. Two successive voxel spaces that were reconstructed were then analyzed 
by means of an iterative algorithm, providing both the three-component velocity vector 
distribution and the full gradient tensor across the measurement volume. The size of cuboids 
that were evaluated was 4.5x4.5x4.5 mm3. With an overlap (shift) of 30% in the evaluation 
process, the obtained vector spacing was 1.5 mm. In Figure 4 the mean flow field in the post-



flame region of a low-swirl flame is presented capturing the symmetric stagnation region created 
by the diverging flow. An example of the instantaneous volumetric flow field is displayed in 
Figure 5.2.5. Since the iso-surfaces in the figure visualize the magnitude of the vorticity they can 
be used to identify vortex cores in the flow field. Detection of vortex cores is performed by 
utilizing the information from the full velocity gradient tensor. On the basis of observations 
made from the 500 instantaneous flow field data collected, the visualized structure shown in 
Figure 5.2.5 is interpreted as a part of a vortex ring encircling an inner flow region. The 
possibility of capturing 3D flow structures clearly stimulates further work with use of this 
technique. A desirable next step is to compare results obtained using stereo-PIV with results 
obtained using 3D PIV data in thin volumes to be able to address questions of measurement 
accuracy. 

 

Figure 5.2.3. (left) The camera arrangement used for volumetric flow field measurements in a lifted low-swirl. (right) The images 
collected by the four cameras, the following tomographic reconstruction and the vector evaluation process. 

Future work: With recent demonstration of time-resolved (kHz) 3D imaging of OH PLIF in a 
premixed flame at the division1 the possibility to visualizing the behavior of turbulent flames has 
taken a new step forward. It appears feasible to combine such measurements with high-speed 3D 
flow field measurements in investigating the temporal large scale 3D flame flow interactions in 
small segments of suitable flames. In low-swirl flames, the inner region demonstrates 
propagating flames, of varying complexity with radial distance from the center axis, which could 
be suitable for demonstration of simultaneous 3D flame front visualization and 3D flow field 
measurements within the kHz range. If this is successful, information regarding the local 3D 
displacement velocity of such propagating premixed flames could be derived. 
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Figure 5.2.4. The average flow field in the post-flame region of a 
low-swirl flame. V is the axial velocity component, velocity vectors 
are presented with a uniform length. 

Figure 5.2.5. An example of the instantaneous flow field in the 
post-flame region. The iso-surfaces represent the magnitude of 
vorticity and are used to identifying vortex cores. The visualized 
large structure is interpreted as part of a vortex ring encircling the 
inner flow region. The rotation direction of the vortex core is 
illustrated with arrows and correlates with the downwards 
transport of gas. 

Investigation of flame flow interaction and flame stabilization 

Simultaneous measurements of the flow field (PIV) and flame location (OH PLIF) were 
performed at high sampling speed (4 kHz) to investigate flame flow interactions in low-swirl 
flames. Two separate laser systems were used. For PIV, a double cavity diode pumped Nd:YLF 
laser and a high-speed camera were used. A diode pumped Nd:YAG laser in combination with a 
high repetition rate dye laser were used to excite the OH radicals. At 4 kHz the pulse energy of 
the 283 nm radiation was about 300 µJ. The excited OH radicals were imaged by use of an 
intensified high-speed camera. The laser beams generated by the two systems were formed into 
overlapping sheets to illuminate a planar region of the flow field and the flame, Figure 5.2.6. 

  

Figure 5.2.6. (left) The combined high-speed PLIF and PIV experimental arrangement around the low-swirl burner. (right) The 
burner nozzle and the obtained field-of-view. The lifted flame from OH PLIF and the fluctuating part of the flow field from PIV is 
shown. 



 

Figure 5.2.7 The fluctuating part of the flow field and the lifted flame visualized by the OH radical. Flow structures created upstream 
of the flame are convected downstream and interact with the flame. The time between images is 1.5 ms (Re=30,000). The images cover 
the width of the nozzle; the lower edge is located 5 mm above the nozzle. 

 

Characteristics  
 

The field-of-view used in the 
analysis is marked. Dotted 
lines indicate the inner and 
outer shear-layers. 

Flow/flame 
interactions 

Flow reversal:  

Fluctuations*:    

Strong vortices, creating flow 
reversal, following the inner 
shear layer. These vortices 
pull the flame edge upstream 
and in the radial direction.  

 

Large vortices convected in 
the inner low-speed region. 
The rotational direction 
alters and the flame base 
position changes accordingly.  

 

Pairs of counter-rotating 
vortices.  Present in the inner 
shear layer and inner low 
speed region. The rotational 
direction alters and wrinkles 
the flame accordingly. 

 

Table 5.2.8 Schematic representation of important interactions between resolved flow structures and the flame. The field-of-view starts 
5 mm above the nozzle. (*Fluctuations = convected eddies that can be observed in the instantaneous flow field when the local mean 
velocity is subtracted.) 



 

Several sequences of 2,000 combined images were collected for different operational conditions. 
A short sequence of the flow field and the lifted flame is shown in Figure 5.2.7. The fluctuating 
part of the flow field (the mean value of each velocity vector is subtracted) is shown to reveal 
vortices hidden by the convection. Modal analyses of the time resolved flow field data were 
performed to identify cyclic processes in the film sequences. These cyclic processes are related to 
vortex shedding in both the axial and azimuthal shear layers that surrounded the flame region. 
The characteristic features that were identified include the large-scale vortex structures that were 
convected within the inner shear layer, see Table 5.2.1 below. Some of these vortices were strong 
enough to create regions with flow reversals that convected the flame upstream and in the radial 
direction. The most energetic vortices, surrounding the flame region, are important for the 
overall flame behavior and are therefore believed to play a role in the flame stabilization. Less 
energetic vortex-pairs convected in the shear layer and in the inner low-speed region 
continuously wrinkle the flame locally (Figure 5.2.7 & Table 5.2.1). 



5.3 Diagnostics for Biomass application 

 Laser diagnostics for fuel nitrogen chemistry 

C. Brackmann, B. Zhou, O. Hole, V. Alekseev, E. Nordström, P.-E. Bengtsson, Z.S. Li, A. Konnov, M. 
Aldén 

Renewable biomass-derived fuels have attracted great interest as alternatives to fossil fuels for 
power production, which makes increased understanding of the detailed chemical kinetics for 
combustion of these nitrogen-containing fuels necessary. Fuel nitrogen initially forms HCN and 
NH3, which are further converted in the chemistry, and laser-induced fluorescence (LIF) for 
detection of these species have been characterized1 . The cyano radical, CN, is another key 
intermediate in combustion nitrogen chemistry, active in formation and re-burning of NO in the 
prompt NO mechanism. Various laser-based techniques have been employed for measurements 
of CN in a single point or along a line, however, combustion in most practical devices is 
turbulent, for which single-point detection may be inadequate and two-dimensional imaging is 
preferable to retrieve instantaneous CN distributions. 

A LIF concept for improved interference-free imaging detection of CN  employing excitation of 
the B-X (1-0) band near 359 nm in combination with detection of fluorescence in the (1-1) band 
near 387 nm has thus been investigated 2 . Comparisons between a conventional Nd:YAG-
pumped dye laser and a solid-state Alexandrite laser showed that the latter, with longer pulse 
duration (~30 ns vs 8 ns) and broader line width (2.5 cm-1 vs 0.3 cm-1), provided around 4 times 
stronger CN signal. Moreover it was estimated that Alexandrite laser excitation allows for single-
shot fluorescence imaging at a signal-to-noise ratio ~5 for CN concentration levels estimated to 
a few hundred ppbs. Single-shot imaging is demonstrated in Fig. 5.3.1 showing CN sample 
images acquired in turbulent methane-air flames of equivalence ratios f=1.0 (a-b) and f=1.4 (c-d), 
both flames with fuel-air jet speed of 30 m/s and doped with 2800 ppm NH3. The images show 
a highly wrinkled but clearly resolved CN reaction-zone layer. 

A broadening of the CN layer can be observed for the fuel-rich f=1.4 flame and also examples of 
local extinction, represented by CN layer dis-continuation, indicated by red circles. Thus, the 
improved CN imaging scheme will be a useful tool to gain deepened understanding of the 
interplay between fuel-nitrogen chemistry and local turbulent transport in combustion. 

Improved understanding of fuel-nitrogen chemistry requires development and validation of 
chemical kinetic models for NH3 combustion. Therefore NH3-air combustion at atmospheric 
pressure has been investigated with experimental data acquired by laser diagnostic methods 
compared with predictions from chemical mechanisms3. Measurements were made in premixed 
one-dimensional NH3-air flames (cf. photo in Fig. 5.3.2a). Radical species NH, OH, and NO 
were monitored by LIF whereas profiles of temperature and O2 concentration were acquired 
using rotational Coherent Anti-Stokes Raman Spectroscopy (CARS). Profiles were evaluated 
along the central axis of the burner and results for one of the investigated flames, burning at 
stoichiometric condition, are shown together with results from simulations in Fig. 5.3.2b-e. 

                                                 

1C. Brackmann, O. Hole, B. Zhou, Z. S. Li, M. Aldén,  Characterization of ammonia two-photon laser-induced 
fluorescence for gas-phase diagnostics, Appl Phys B-Lasers O 115 (1), 25-33 (2014). 
2B. Zhou, C. Brackmann, Z.S. Li, M. Aldén, Development and application of CN PLIF for single-shot imaging in 
turbulent flames, Combustion and Flame 162 (2) 368-374 (2015). 

3C. Brackmann, V. Alekseev, B. Zhou, E. Nordström, P.-E. Bengtsson, Z.S. Li, M. Aldén, A, Konnov, 
Structure of premixed ammonia-air flames at atmospheric pressure - laser diagnostics and kinetic modelling, manuscript 
submitted to Combustion and Flame 2014/2015. 



 

 

Figure 5.3.1. Sample single-shot CN LIF images acquired in premixed turbulent methane-air flames doped with 2800 
ppm NH3. Equivalence ratios f=1.0 (a-b) and f=1.4 (c-d). The thin wrinkled reaction-zone CN layer observed in the 
stoichiometric flame (a-b) becomes broadened in fuel-rich combustion (c-d). In addition the fuel-rich flame shows CN-layer 
discontinuation due to turbulence-chemistry interactions. 

 

 

Figure 5.3.2. Photo of premixed stoichiometric NH3-air flame stabilized on porous-plug burner. (a). Profiles showing 
experimental data (circles) and simulations (lines) of temperature and O2 (b), NH (c), OH (d), and NO (e). Radical 
predictions from mechanisms by Mendiara/Glarborg, Shmakov et al., and Duynslaegher et al. are shown in green, blue and 
red color, respectively. 

A stoichiometric flame shows a maximum temperature around 1800 K (Fig. 5.3.2b) and shapes 
of experimental temperature and O2 profiles (Fig. 5.3.2b green and red symbols, respectively) 
were well reproduced by a model by Mendiara and Glarborg (Fig. 5.3.2b line profiles). Predicted 
NH radical levels are generally lower than experimental data. For OH, presented in Fig. 2d, all 
models predict concentrations in agreement with experimental data within the accuracies 



estimated for simulations and experiments, indicated by error bars. Simulations generally show 
higher NO concentrations than experimental data, with closest agreement observed for the 
Mendiara/Glarborg model, as shown in Fig. 5.3.2e. All together the results of the study suggest 
that some structural modifications of the mechanisms for NH3 combustion might be required to 
achieve accurate predictions at atmospheric pressure. 

 Optical detection of alkali compounds in biomass applications 

Optical methods providing in situ measurement of the chemical compounds that induce 
corrosion on super heaters in biomass-fired boilers are in continuous demand by the industry. 
One key component to be measured, among other alkali compounds, is potassium chloride. The 
UV absorption of the vapour phase potassium chloride provides a suitable way for in situ KCl 
vapour detection in gas phase, e.g. in flue gases. 

The current requirement to decrease the emission of greenhouse gases paired with an increase in 
environmental consciousness has led to changes in the fuel mix. The fuel mix has become more 
complex and consequently sets further requirements on the equipment used to measure the 
potassium chloride and other alkali compounds such as NaCl, NaOH and KOH. During co-
combustion of biomass it is important to maintain a fuel mix that produces less corrosive 
products in the flue gas. 

In order to meet those new requirements, attain a better understanding of the current measuring 
techniques and explore other existing techniques currently available, CECOST, Lund University 
and Vattenfall R&D AB have entered into a collaboration agreement for the development of 
optical tools for in situ measurements of alkali compounds in combustion environments. 

Detection of alkali compounds using UV absorption and photoframentation 

T. Leffler, C. Brackmann, Z.S. Li and M. Aldén 

Potassium chloride is measured in the super heater region at a temperature interval of 650 – 
1300°C with the In situ Alkali Chloride Monitor (IACM). The instrument utilises the DOAS-
technique (Differential Optical Absorption Spectroscopy) in the evaluation of the concentration 
of KCl, using broadband UV-light (200 – 320 nm) where the concentration is calculated by 
means of Beer-Lamberts law. 

The design of a new calibration cell for potassium chloride has been started. At the time of 
writing, five different versions have been developed and tested in a laboratory environment. The 
test results have led to changes in the design parameters. The main differences between version 1 
and 4 are that version 4 is 200 mm longer (400 mm) and that it has an external tube that cools 
the salt reservoir to ensure a well-controlled concentration of Potassium chloride in the cell. The 
main difference between versions 1 and 4 compared to versions 2 and 3 is the heating of the gas 
cell and the salt reservoir. Versions 1 and 4 were directly put into a high temperature furnace. 
Versions 2 and 3 were heated by tantalum thread wound around the gas cell and the salt 
reservoir. 

Due to the large temperature gradient in the furnace used in the previous experiment with cell 
version 4 a new furnace was design and version 4 of the calibration cell was adapted to the new 
furnace (Figure 5.3.3) which becomes version 5 (Figure 5.3.4). At the same time a new optical 
set-up containing a deuterium lamp, parabolic mirrors, an aperture and a parabolic collimator 
was introduced (Figure 5.3.4). 

The results from calculated number densities with data taken from the literature were in good 
agreement with the number densities measured with the IACM instrument (Figure 5.3.5). In an 
attempt to find out how much the calculated and measured number densities differ, based on an 



 

assumption that the temperature in the calibration cell is not correct, the theoretical temperature 
needed to be lowered 12 °C to get a good agreement (Figure 5.3.6). 

  

Figure 5.3.3 The newly-built furnace with three heating 
zones. 

Figure 5.3.4: The new optical set-up, showing the 
deuterium lamp with its optical components (deuterium 
lamp, parabolic mirror, aperture, parabolic mirror, 
calibration cell (version 5) and parabolic collimator). 

  

Figure 5.3.5 The results from number density calculated by 
data picked from the literature compared with the measured 
value by the IACM instrument. 

Figure 5.3.6 The results after the temperature in the 

theoretical calculations has been lowered 12 ̊C compared with 
the value measured by the IACM instrument. 

Experiments performed on potassium hydroxide (KOH) and sodium hydroxide (NaOH) with 
the new optical set-up (Figure 5.3.7) indicate that those two chemical components interfere in 
the same region where KCl and NaCl are evaluated by means of the IACM instrument (Figure 
5.3.8). To be able to perform a large amount of experiments on different types of chemical 
components a new cell has been designed (Figure 5.3.9). To be able to meet those requirements 
the cell needs to be built in such a way that it is easy to switch chemical components and it is 
possible to eliminate memory effects. The construction (Figure 5.3.10) meets those requirements. 



  

Figure 5.3.7 The new optical set-up, showing the deuterium 
lamp with its optical components (deuterium lamp, parabolic 
mirror, aperture, parabolic mirror, calibration cell and parabolic 
collimator). 

Figure 5.3.8 The structure of the absorbance spectra 
from KCl, NaCl, KOH and NaOH at unknown 
concentrations with the new optical set-up containing a 
deuterium lamp, parabolic mirrors, aperture and 
parabolic collimator. 

 

  

Figure 5.3.9 The new cell where all parts are put together. 
This cell has an optical path length of 400 mm. 

Figure 5.3.10 The components (ceramic tube, optical 
windows with gaskets and the metal tube that keeps all parts 
together) of the newly-designed cell for investigations of 
components that can interfere the IACM instrument in the 
evaluation of the concentration of potassium chloride. 

Initial tests have been performed with the photo fragmentation set-up –see Figure 5.3.11 where 
KCl and NaCl were photo dissociated into K*, Na* and Cl. The KCl and NaCl vapour were 
introduced by heating the solid sample in a spoon with a Bunsen flame, and a 193 nm laser beam 
from an excimer was focused to a laser sheet with a cylindrical lens. A single shoot fluorescent 
image of the fragmentation from a mix of KCl and NaCl, taken by an ICCD camera equipped 
with a stereo scope and two narrow inference filers for Potassium (766 nm) and Sodium (589 
nm) is shown in Figure 5.3.12. Figure 11 and 12 show similar results from an experiment with a 
premixed burner where a solution of KCl and NaCl was seeded into the burner by a nebulizer. 



 

  

Figure 5.3.11 Photo fragmentation set-up for KCl 
and NaCl with vapour from a heated spoon. 

Figure 5.3.12 Figure 4: Single shot of NaCl and KCl vapour 
from a heated spoon taken by stereo camera with two band-pass 
filers for Sodium (589 nm, left) and Potassium (766 nm, right). 

  

Figure 5.3.13 Photo fragmentation set-up for KCl 
and NaCl which were seeded into a premixed burner. 

Figure 5.3.14 Single shot of gas phase NaCl and KCl from a 
premixed burner taken by stereo camera with two band-pass 
filers for Sodium (589 nm, left) and Potassium (766 nm, right). 

Range-resolved detection of potassium chloride using picosecond differential absorption 
lidar 

T. Leffler, C. Brackmann, A. Ehn, B. Kaldvee, M. Aldén, M. Berg1 and J. Bood 

A laser diagnostic concept for the measurement of potassium chloride (KCl), and potentially of 
other alkali compounds, in large-scale boilers and furnaces of limited optical access is performed. 
Single-ended, range-resolved, quantitative detection of KCl is achieved by differential absorption 
light detection and ranging (DIAL) based on picosecond laser pulses. A scheme of the 
experimental set-up is shown in Figure 5.3.15. 
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Figure 5.3.15 Experimental set-up for combined DIAL and IACM measurements on vaporized KCl. M designates 
planar mirrors, BS a beam splitter, and BM a beam combining mirror. The laser beams are guided into the furnace by 
mirror M1 and backscattered laser light is collected with concave spherical mirror M2. For IACM L is a plano convex 
lens for collimation of the Xenon lamp light (gray), FM indicates flip-in mirrors, and M3 is a concave spherical collection 
mirror. 

Picosecond DIAL results have been compared experimentally with line-of-sight measurements 
using a commercial instrument, the In situ Alkali Chloride Monitor (IACM), utilizing differential 
optical absorption spectroscopy (DOAS). For centimeter-scale range resolution and a collection 
distance of 2.5 m, picosecond DIAL allowed for measurement of KCl concentrations is around 
130 ppm at 1200 K, in good agreement with values obtained by IACM. The DIAL data indicate 
a KCl detection limit of around 30 ppm for the present experimental conditions. In addition, as 
shown in Figure 5.3.15, a double-pulse DIAL set-up has been developed and demonstrated for 
measurements under dynamic conditions with strong Mie scattering. The picosecond DIAL 
results (Figure 5.3.16) are discussed and related to possible implementations of the method for 
measurements in industrial environments in an article to be published in Applied Optics during 
2015. 



 

 

Figure 5.3.16. Double-pulse ps-DIAL data, each signal consisting of 100 single shots and each pair displayed in different 
colour coding. Raw data of the backscattered signal from 235 nm (a) and 247 nm (b). (c) Range-resolved concentration data 
of KCl inside the tube furnace. The range is indicated with a coloured area in (a) and (b). (d) Number densities evaluated for 
the six signal pairs at a distance of 0.57 m, indicated by a dashed line in (a), (b) and (c). 

 

  



 

 



 

6 Combustion Chemistry 

6.1 Activities of the Combustion Chemistry Group 

The Combustion Chemistry group headed by professor Alexander Konnov was initiated in 2009, 
with main activities in lab starting in 2010 when a senior researcher, dr. Elna Heimdal Nilsson, 
and three PhD students were recruited. The main focus of the group is chemical kinetics in 
laminar flames, with modeling and model development guided by experimental determinations 
of laminar burning velocities. In addition members of the group are involved in related 
combustion research activities as well as chemical kinetics of atmospherically relevant 
compounds. Although it is a relatively small group it is worth to note that about one third of the 
publications of the division during the period have been co-authored by one or several members 
of the chemical kinetics group. 

The group has an expertise in use of the heat flux method for experimental determination of 
laminar burning velocities; two setups have been developed to measure on liquid fuels that can 
also be used for gaseous fuels. Results from other experimental methods for determination of 
flame properties and ignition behavior of relevant fuels are commonly achieved via external 
collaborations or collaborations within the division. These collaborations are outlined in the 
following two sections. The heat flux method and its applications are then described in more 
detail since this is essential for a large part of the activities in the Combustion Chemistry group. 
This is followed by brief summaries of the research projects of importance during the period. 



6.2 Internal cooperation 

Profiles of relevant species in flames of ammonia, NH3, have been studied experimentally and 
modeled in collaboration with Christian Brackmann. Vladimir Alekseev has modeled flames of 
pure ammonia and Jenny Nauclér flames of methane with various amounts of ammonia. 

In collaboration of Moah Christensen with Joakim Bood and co-workers a new method for 
simultaneous measurements of fluorescence lifetimes of CO and OH was demonstrated . 

Measurements where performed in methane/air flames for equivalence ratios of  0.9, 1.0, 1.15, 
and 1.25. The experimentally determined lifetimes were compared to calculated results based on 
the modeling of an adiabatic flame. 

Elna J. K. Nilsson has been involved in a study concerning ozone enhanced combustion  and 

contributed with chemical kinetics modeling using a chemical kinetics mechanism for ozone 

developed by A. A. Konnov . 

6.3 External cooperation 

Heat flux burners are present at a few other labs in Europe. To check the consistency of the 
different setups a comparative study of some common fuels have been conducted by Division of 
Combustion Physics at Lund University, Department of Mechanical Engineer at Eindhoven 
University of Technology, OWI Oel-Waerme-Institut GmbH at RWTH Aachen and Institute of 
Thermal Engineering at TU Bergakademie Freiberg. 

Collaboration with Eindhoven University has been strong before and throughout the period 
since Alexander A. Konnov has long term cooperation with, in particular, the group of Phillipp 
the Goey. Several MSc students from Eindhoven have visited Lund for 1-3 month projects 
concerning laminar flames of hydrocarbons, and PhD student Moah Christensen from Lund has 
been a guest in Eindhoven. 

Flame conditions that cannot be reached using the heat flux setups in Lund have in some cases 
been complemented via collaborations with groups using other methods. For investigations of 
rich hydrogen flames experiments were performed using the spherical flame method, by Dr. 
V.V. Zamashchikov from the Institute of Chemical Kinetics and Combustion SB RAS in 
Novosibirsk, Russia. 

The group of Henry Curran at National University of Ireland, Galway, is world leading when it 
comes to detailed chemical kinetic modeling, with focus on performing and modeling shock tube 
experiments. Jenny Nauclér has visited the group to learn more about and to use the shock tube 
facility to produce data relevant for nitromethane combustion. Also, flames of propene have 
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been studied using the heat flux facility in Lund to provide data for validation of a kinetics 

mechanism developed in Galway . 

In 2014 a new collaboration was initiated as Elna J. K. Nilsson and researchers dr. Christer 
Fureby and Niklas Zettervall at FOI joined in development of reduced chemical kinetics 
mechanisms for use in CFD simulations. A reduced mechanism for propane combustion has 
been developed and tested. The mechanism consist of only 66 steps, compared to typically more 
than thousand steps for a detailed propane mechanism, and accurately predict laminar burning 
velocities of propane+air flames under a wide range of conditions with respect to temperature, 
pressure and equivalence ratio. 
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6.4 Research within the Combustion Chemistry Group 

6.4.1 Laminar burning velocity measurements using the heat flux method 

Vladimir Alekseev, Jenny Nauclér, Moah Christensen, Elna J.K. Nilsson, Alexander A. Konnov 

Outline of the method and its applications 

Using the heat flux method laminar burning velocities are determined in unstretched flames. The 
method build on measurement of temperature profiles in the burner plate of a flat flame burner 
with a flame stabilized at adiabatic conditions. The method and its use for gaseous fuels has been 

described in detail by deGoey and van Maaren  and the extension to liquid fuels was first 

described by Konnov et al. . Two experimental setups for determination of laminar burning 

velocities are available at the division, both include Controlled Evaporator Mixer (CEM) for 
evaporation of liquid fuels. The two setups differ in the capacity of the CEM and in the number 
and capacity of the Mass Flow Controllers (MFC) for gaseous fuels, oxidizers and diluents. The 
experimental setups, the data treatment procedures, and error assessment, are under continuous 
development. In recent years the setups have been improved by use of a heated tubing for the 
gas mixture flow between the CEM and the burner, this reduce the risk of condensation of liquid 
fuels, which could occur if the tubing was at room temperature. The reliability of the MFCs have 
been investigated and based on this a calibration procedure has been developed to ensure 
accurate gas flows. Uncertainty analysis has been extended to include, among other things, the 
effect of scatter in temperature measurements. The uncertainty analysis is described in detail by 

Naucler et al. . 

The plenum chambers of the burners have temperature control using water bath and 
temperatures in the range 298 K to 358 K can be reached. Oil baths have been purchased and 
this will enable an extension of the available temperature range up to about 500 K. A common 
approach in the studies reported here is to determine laminar burning velocities at three to five 
temperatures in the mentioned temperature interval. The data can then be used to determine the 
temperature dependence of the laminar burning velocity using the relation SL=SL0(T/T0)

α., where 
SL0 is the laminar burning velocity at a reference temperature T0 and SL is the laminar burning 
velocity at temperature T. The power exponent, α, for a given equivalence ratio will be the slope 
of log(SL) vs log(T). These log-log plots are valuable in evaluation of the quality of data, since 
they are expected to show a linear trend. Deviation from linearity indicates that the data are 
suspicious. This is also an ideal way to compare data from different laboratories covering 
different temperature intervals. 
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Laminar burning velocity measurements are commonly combined with kinetics modeling to test 
or develop combustion chemistry mechanisms. In several of the projects reported here 
commonly used mechanisms from the literature have been examined for their performance 
under specific conditions. In parallel to this the in-house detailed chemical kinetics mechanism is 

updated in a hierarchical fashion, starting from the hydrogen mechanism . 

An extensive literature review by Nilsson and Konnov  identified all available flame studies on 

oxygenated fuels and fuel intermediates. This review revealed the need for further studies on a 
wide range of oxygenates of relevance to biofuel combustion. In the time period 2009-2011, 
reported in the previous Activity Report, liquid fuels studied included alcohols and primary 
reference fuels. Studies on alcohols have been extended to different conditions concerning the 
oxidizer mixture. In addition to primary reference fuels also a real gasoline has now been 
investigated. Also, a number of oxygenated fuels belonging to aldehydes, ketones and esters have 
been studied. Nitrogen chemistry has been investigated using flames of nitromethane and 
pyridine. The main gaseous fuel of interest is methane, but also other constituents of natural gas 
have been studied. 

Several fuels have been studied under so-called oxy-fuel conditions, which mean that the oxidizer 
mixture consists of oxygen and carbon dioxide. Oxy-fuel combustion is considered to be of 
strategic importance, since it offers a pathway for CO2 capture.  Implementation of this 
approach to combustion of solid fossil and biomass fuels is still hindered by the lack of 
understanding of combustion chemistry both in the gas phase and on the particle surface, when 
oxidizing atmosphere is composed mostly of O2 and CO2. In all projects concerning oxy-fuel 
combustion considered here the oxidizer mixture consist of 35% O2 and 65% CO2. 

 

Measurement accuracy of the heat flux method based on a study of reference fuels 

Many studies have been devoted to the measurement of laminar burning velocity of reference 
fuels, i.e. the simplest and most common fuels CH4, CH3OH, C2H5OH, on the heat flux burner. 
Yet, a significant discrepancy exists between measurements made on essentially the same 
experimental setups with the same burner designs. Therefore, a comparison of a large number of 
measurements can help to determine the accuracy of the method. In this collaborative work, 
measurements of burning velocities of reference fuels were performed in the laboratories of the 
Division of Combustion Physics at Lund University, Department of Mechanical Engineer at 
Eindhoven University of Technology, OWI Oel-Waerme-Institut GmbH at RWTH Aachen and 
Institute of Thermal Engineering at TU Bergakademie Freiberg. Figure 6.4.1 shows an example 
of the obtained results for two cases: CH4+air flames at 298K and C2H5OH at 318K. It can be 
seen that the data scattering between different measurements can reach about 5cm/s, exceeding 
the generally stated accuracy of c.a. ±1 cm/s. 
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Fig 6.4.1 SL of CH4+air mixtures at 298K (left) and of C2H5OH+air mixtures at 318K (right) measured in the present work 
(symbols) and compared to earlier studies (points + lines). 

One of the main assumptions of the heat flux method is the rotational symmetry of the heat 
transfer processes in the burner plate, which allows linking the temperature distribution inside 
the plate with the net heat transfer to/from the flame. However, for the burner design developed 
in Eindhoven, the burner plate is attached to the burner head with thermal glue, which was 
found to introduce a tangential asymmetry into the temperature profiles. A simple method based 
on already gathered data was used to estimate the effect. The thermocouple readings were 
projected on directions with specific polar angles, and then a linear regression was fit through the 
obtained profiles with calculating R2 statistics. By varying the polar angle, a direction with the 
maximum R2 could be found. Based on this analysis, it was possible to sort out unreliable SL 
measurements made previously. A modified design of the heat flux burner was proposed aiming 
to minimize the effect of asymmetry by having the burner plate solid with the burner head. 

 

Onset of cellular flame instability in adiabatic CH4/O2/CO2 and CH4/air laminar 

premixed flames stabilized on a flat-flame burner  

Flat flame burners are used to measure the laminar burning velocity as these can generate 
premixed stretch free flames. One drawback of using this type of burner is the onset of cellular 
shapes that are distorting the flame, preventing accurate measurements. This study was 
performed to gain insight into how to suppress these structures by investigating the onset of and 
evolution of laminar cellular CH4/O2/CO2 (oxyfuel) and CH4 + air flames. The heat flux method 
was used to determine the laminar burning velocity at 298 K at lean stoichiometric and rich 
flames. During the experiment, the distance between the flame and the burner, defined as the 
standoff distance, was experimentally varied by changing the temperature of the burner plate 
between 308-368 K. 

It was observed that the cellularity was mainly instigated by hydrodynamic instability coupled 
with the burner constrained flow.  The standoff distance, Lc, was determined to suppress the 
cellularity if below a critical value. For all flames the standoff value was experimentally 
determined to be 1.5 times the inner layer flame thickness, δL,in, as seen in Fig. 6.4.2. This can be 
compared to the simulated one of 1–2 times the inner layer flame thickness, also seen in Fig 1.  
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Fig 6.4.2 Critical standoff distance Lc as a function of δL,in. Symbols denote the experimental and numerical data; lines denote the 
trends of these data. 

6.4.2 Laminar burning velocities of gaseous fuels 

Vladimir Alekseev, Moah Christensen, Elna J.K. Nilsson, Alexander A. Konnov 

Gaseous fuels of interest for the combustion community are in particular natural gas 
components, methane and C2 to C4 hydrocarbons, and hydrogen gas. Recent demands for fuel 
flexibility in industrial combustion systems call for an increased understanding of combustion 
properties of fuels of varying composition. In the Combustion Chemistry group there has been 
activities concerning hydrogen combustion, with experimental determinations as well as model 
development. In addition laminar burning velocities of several other natural gas components 
have been determined. 

 

Laminar burning velocity and temperature dependence of hydrogen flames 

Measurements of burning velocity of hydrogen have a long history and nowadays possess good 
consistency from moderately lean to moderately rich mixtures. Moreover, contemporary models 
for hydrogen combustion accurately reproduce burning velocities of these flames. The situation 
is essentially different for near-limiting (very lean and very rich) mixtures. Significant spread of 
the laminar burning velocities at these conditions is a quite common problem that hampers 
validation of kinetic models. Moreover, in case of very lean H2 flames, the commonly used 

methods of burning velocity determination from stretched flames possess a high uncertainty  

that also affect the temperature dependence of the burning velocity. 

In the present work, laminar burning velocity of hydrogen flame was determined using two 
different methods: for the very lean conditions, the heat flux setup in Lund was used, and 
measurements in rich near-limiting flames were done in a spherical bomb by Dr. V.V. 
Zamashchikov from the Institute of Chemical Kinetics and Combustion SB RAS in Novosibirsk, 

Russia, in a collaborative study . In the spherical bomb measurements, two methods of SL 
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determination were used: based on the pressure records and from the temporal evolution of the 
flame front movement recorded with a schlieren system. For the second method, flame stretch 
correction was performed, i.e., Markstein lengths were also extracted and compared with the 
literature by using three different extrapolation models – a “classical” linear model (LM) and two 
non-linear models (NLM). Also, an important role of the critical radius for extraction of the 
burning velocity and Markstein length is demonstrated. The critical radius is the initial flame 
radius after which flame front movement can be used for SL determination, i.e. where flame 
becomes unaffected by spark. The left hand side of Figure 6.4.3 shows an example of obtained 

laminar burning velocities for the mixture of 70% H2 + 30% air (ϕ=5.56) as a function of initial 
pressure pi. The experimental results are compared to kinetic modeling performed with three 
recent hydrogen mechanisms. 

  

Fig 6.4.3 Pressure dependence of SL in rich H2+air mixture, ϕ=5.56, (left) and SL in lean H2+air flames (right). Symbols: 
experiments, lines: modeling. 

For the very lean hydrogen flames, a large amount of literature data exist on SL, which, however, 
was obtained from stretched flames. As can be seen from the right hand side of Figure 6.4.3, 
these results possess a high scattering due to, as was mentioned above, the difficulties associated 
with experimental determination of SL from stretched flames. In the present work, burning 
velocity and its temperature dependence were for the first time determined in flat flames by 

using the heat flux method. Equivalence ratio was varied in the range of ϕ = 0.4-0.5 (due to 
accessible velocity range of the burner), and unburned gas temperature Tg = 278-338 K. The 
measured SL in shown in Figure 6.4.3 and the temperature dependence is in the left hand side of 
Figure 6.4.4. It is expressed in the form of temperature exponent α in the power law. During the 
measurements, the shape of the flames was monitored by imaging the OH* emission using an 

EM-CCD camera sensitive at λ=310nm and a bandpass filter. In most cases, except for lower ϕ 
at 278 K, the flames became corrugated at adiabatic conditions, therefore the laminar burning 
velocity was extrapolated from sub-adiabatic flames. The influence of extrapolation, together 
with other experimental uncertainties, on SL and α was studied and quantified, as can be seen 
from Figures 6.4.3 and 6.4.4. It was found that SL obtained from flat flames is generally lower 
than the results obtained from stretched flames, however, it agrees with the most recent 

measurements of Varea et al. . In terms of α, the present measurements predict it to be higher 

than most of available data. The experimental results are compared with the kinetic modeling 
using three recent kinetic schemes. It was found that the trend of rapid rise of α in very lean 
H2+air flames, first observed in simulations, is supported by the experimental results. With the 
kinetic modeling, the behavior of α is studied at higher temperatures, not accessible for 
experiments. It was found that SL rises faster than the power law in form of Eq. (4) predicts, as 
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illustrated by right hand side of Figure 6.4.4. In this plot, SL was correlated with Eq. (4) from 
kinetic modeling in the range T0 = 250-500K, and then SL is extrapolated to higher temperatures 
and compared to “real” values.   

  

Fig 6.4.4 Temperature dependence of lean H2+air flames in the form of power exponent α (left) and the effect of α variation with 
temperature on the correlated SL (right). 

In parallel to the experimental work, the detailed reaction mechanism of Konnov  was updated 

with recent reaction rate constants. Rate constant data and their uncertainties, measured or 
calculated in different sources, were studied. No adjustments of the experimental rate constants 
were required for the model build-up. The analysis of the performance of the updated 
mechanism was conducted, and the model is compared to the previous version for a wide range 
of validation cases: jet stirred and flow reactors; oxidation, decomposition and ignition in shock 
waves; ignition in RCM; laminar burning velocity and flame structure. The deficiencies of the 
previous version of the mechanism, particularly for the flow reactor and shock tube data, were 
addressed and resolved. Validation of the new model has shown that its performance is 

comparable to that of Kéromnès et al.  mechanism, which was shown to be currently the best 

model for H2 combustion.  

 

Effects of hydrogen enrichment and steam dilution on methane-air flames 

A way to generate lower levels of NOx from combustion is to decrease the flame temperature; 
this can be achieved by either lean combustion or addition of water vapor. However, at lean 
conditions several hydrocarbon fuels such as natural gas, has very low laminar burning velocity 
and flame extinction is a possibility. To stabilize the combustion at these situations, small 
amount of hydrogen can be added.  To investigate the effect of hydrogen enrichment as well as 
water vapor addition the laminar burning velocities of methane enriched with hydrogen and/or 
with steam were performed at initial gas temperatures of 298 and 330 K using the heat flux 
method. Hydrogen was varied between 0-35 molar % and steam between 0-2.3 molar % and 0-
11 molar 5 for 298 and 330 K respectively.  

The laminar burning velocities of methane with steam dilution were in good agreement to results 

of Boushaki et al.  at 330 K. Present results of hydrogen enrichment, seen in Fig 6.4.5, was 
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compared to data of Coppens et al.  and Boushaki et al. The experimental results were slightly 

lower than compared to published data but still within in error bars for equivalence ratios below 
1.1. Towards richer flames there is an increasing deviation as the new experimental results are 
lower than the previous measurements. Measurements performed with hydrogen enriched 
methane flames with increasing steam dilution, also showed a linear decrease of the laminar 
burning velocity. It was observed that the linear decrease is independent on hydrogen 
enrichment. This is because the H2 enrichment in this study (<35%) is too low for an increase of 
the flame temperature to occur. 

 

Fig 6.4.5 Laminar burning velocities of a methane flame enriched with 35 mole % H2. Comparison between present work (squares) 
and burning velocities measured by Coppens et al [1]. (circles). 1st set of data: open, 2nd set of data: solid. 

 

Methane+O2+CO2 

Methane flames were studied at oxy-fuel conditions (O2 + CO2). The oxygen content O2/(O2 + 
CO2) in the oxidizer mixture was 35%. The experiments were performed at atmospheric 
pressure. The temperature dependence of the flames was examined over the range of initial gas 
mixture temperatures of 298-358 K. The experimental data is presented in Fig. 6.4.6 The 

maximum laminar burning velocity was reached at ϕ=1.0 for all temperatures measured. 

 

Fig 6.4.6 Experimental laminar burning 
velocities for Methane+O2+CO2 at atmospheric 
pressure. 
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Natural gas mixtures 

Laminar burning velocities of natural gas relevant mixtures mixed with hydrogen were 
performed to investigate the effect of ethane and propane addition compared to pure methane 
fuel. Flames of methane, methan/ethane, methane/propane, and methane/ethane/propane were 
studied, with and without addition of hydrogen gas in the range 10-50%. In addition 
performance of some common chemical kinetics mechanisms for natural gas combustion were 
evaluated. Without hydrogen the methane/air flame was slowest burning, while addition of 
ethane and/or propane slightly increased the laminar burning velocity, this has been shown 
previously in the literature. Upon hydrogen addition it was seen that high hydrogen content 
enhanced the laminar burning velocity of methane flames more than flames with ethane and 
propane, this is illustrated in Figure 6.4.7. 

  

Fig 6.4.7 Laminar burning velocities of flames of pure methane(black), and mixtures of methane:ethane:propane, 80:20:0 (red), 
80:0:20 (green) and 80:10:10 (blue), mixed with 10% (left) and 50% (right) hydrogen gas. 

 

 

Propene 

Laminar burning velocities for propene+O2+N2 flames were measured using the heat flux method for a 
range of temperatures and equivalence ratios, and at several O2:N2 mixture compositions. The laminar 
burning velocities at temperatures 298, 318 and 338 K were determined with standard technical air as an 
oxidizer, the oxygen content was according to manufacturer (21.0±0.5)%. To test the dependence of the 
laminar burning velocity on oxygen content within the range stated for the technical air, experiments at 
298 K were performed for oxygen contents of 20.5, 21.0 and 21.5 %. It was seen that a change in oxygen 
content within this range changed the results up to 5 cm/s, with the largest effect around peak velocities. 
The experimental results were reproduced well by the modeling. 

The results at 298 K, for both technical air and with varying oxygen content were published together with 
new experimental data from several other setups and a new detailed chemical kinetics mechanisms 

developed by colleagues at National University of Ireland, Galway . Laminar flames at standard 

conditions were presented from five new studies, three heat flux and two spherical flame measurements, 
and three datasets from the literature. The scatter in the results from the eight studies is interpreted as the 
current uncertainty in experimental determinations of laminar burning velocities. The experimental results 
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concerning varying oxygen content indicate that a source of the discrepancies can be the composition of 
the air used. 

6.4.3 Liquid hydrocarbon fuels 

Jenny Nauclér, Vladimir Alekseev, Elna J.K. Nilsson, Alexander A. Konnov 

Mixing rules for laminar burning velocity prediction 

Accurate and fast calculation of laminar burning velocity of fuel blends is often needed in engine 
cycle simulation tools. For that purpose, mixing rules could be used to determine laminar 
burning velocity of fuel blends from burning velocities of the fuel components with sufficient 

accuracy and without computational demand. In the present work,  burning velocities of ethanol, 

methanol, iso-octane, n-heptane and their binary and quaternary mixtures were measured with 
the aim to determine whether the mixing rules are capable to accurately predict the burning 
velocity of blends and which of them has the best predictive ability. Four mixing rules have been 
considered, a simple mole fraction mixing rule, where the burning velocity of the blend ublend is a 
sum of burning velocities of individual components ui, weighted by their mole fractions χi. 
Second is the energy fraction mixing rule, where the weighting factor is calculated as: 

𝛼𝑖 =
Δ𝑐𝐻𝑖

0∙𝜒𝑖

∑ Δ𝑐𝐻𝑖
0∙𝜒𝑖𝑖

,      (1) 

where ΔcHi
0 is the heat of combustion for each component. In the Le Chatelier’s rule, the 

inverse burning velocities 1/ui are weighted with αi. Finally, Hirasawa et al.  mixing rule was 

tested: 

𝑢𝑏𝑙𝑒𝑛𝑑(𝜙) = ∏ 𝑢𝑖
𝛽𝑖(𝜙)𝑖 ,    (2) 

where βi is calculated from: 

𝛽𝑖 =
𝜒𝑖𝑛𝑖𝑇𝑓,𝑖

𝑛𝑏𝑙𝑒𝑛𝑑𝑇𝑓,𝑏𝑙𝑒𝑛𝑑
,     (3) 

where Tf is the adiabatic flame temperature and n is a number of moles of products and inert 
compounds per mole of fuel in stoichiometric combustion. 

Figure 6.4.8 shows an example of the results obtained for the quaternary mixture containing 25% 
(by volume) of methanol, ethanol, iso-octane and n-heptane at 338 K. The general trend seen 
also in Figure 6.4.8 is that the energy fraction mixing rule, the mixing rule developed by Hirasawa 
et al. and the Le Chatelier’s rule had very good results, both for mixtures with methanol and 
ethanol. Le Chatelier’s rule gave slightly better results for the ethanol blends while the energy 
fraction mixing rule gave better results for methanol blends. Mixing rules are not expected to be 
linear in the fuel blend composition, proven by the poor predictions of the mole fraction mixing 
rule. Considering the uncertainty limits of the laminar burning velocity measurement, it was 
concluded that the three mixing rules (excluding the mole fraction rule) can be used for laminar 
burning velocity calculation with acceptable accuracy. 
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Fig 6.4.8 Laminar burning velocity of methanol+ethanol+iso-octane+n-heptane mixture (25% by volume each) at 338 K together 
with the predictions of the different mixing rules. 

 

Laminar burning velocity of gasoline and its surrogate components 

Gasoline is a complex fuel with varying composition, for that reason, gasoline surrogates are 
often used for experiments and in calculations. That includes iso-octane or binary mixtures of 

iso-octane and n-heptane and the primary reference fuels (PRF’s). In the present work,  laminar 

burning velocities of iso-octane, n-heptane, toluene, a toluene reference fuel (i.e., a mixture of 
iso-octane, n-heptane and toluene) and a commercial gasoline have been measured using the heat 
flux method. The goal of the present work was to provide accurate experimental laminar burning 
velocity data and compare the experimental data with numerical simulations using reduced 
kinetic models, previous data from the same setup and data from the literature. Also, the 
temperature dependence of the laminar burning velocities was investigated. Finally, a surrogate 
composition was found that matches the laminar burning velocity of the studied gasoline. Due to 

the differences with laminar burning velocities measured previously,  iso-octane and n-heptane 

were revisited in the present study, and in addition, a wider temperature range was covered (298–
358 K).  

The laminar burning velocities of the toluene reference fuel were in correspondence with the 
laminar burning velocities of the commercial gasoline. By using the energy fraction mixing rule, it 
was found that that a mixture of 1/3 iso-octane, 1/3 n-heptane and 1/3 toluene by volume has a 
similar laminar burning velocity to gasoline, as opposed to blends containing only iso-octane and 
n-heptane, which only matches gasoline at lean conditions. Figure 6.4.9. illustrates this by 
presenting the measured and calculated laminar burning velocities at 338 K.  
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Fig 6.4.9 Comparison between the laminar burning velocity of iso-octane, n-heptane, toluene, gasoline and the toluene reference fuel 
(TRF) at 338 K together with the prediction of the energy fraction mixing rule for TRF and iso-octane+n-heptane blend (PRF). 

  



 

6.4.4 Laminar burning velocities of alcohols 

Temperature dependence of the laminar burning velocity of methanol flames  

Limiting fossil fuel resources have increased the market for renewable fuels.  Methanol can be 
used pure or mixed with diesel in internal combustion engines and thus reduce some of the 
negative consequences that are associated with fossil fuel combustion, as high CO2 emissions. 
Real life applications of combustion involve high temperature and pressure and it is crucial to 
understand the temperature dependence of the laminar burning velocity. In this study the 
laminar burning velocity of methanol + air was therefore investigated in a broader temperature 
range. All measurements were performed using the heat flux method. Overall accuracy was 
estimated to be better than ±1 cm/s. Present experimental results were compared to previously 
published data, (see Vancoillie et al. and references therein), with good agreement at lean 
conditions. For richer flames, a larger scattering between previous and present data is observed. 
However, as one can see in Fig. 6.4.10, there is a lager scattering amongst the experimental data 

in general. The results were also successfully compared to modeling using the Li et al.  

mechanism. 

The temperature dependence of the laminar burning velocity was investigated and the alpha 
coefficient, derived from the experimental data, could successfully be reproduced by modeling 
using the Li et al. mechanism. No deviation of neither the present results nor the Li et al 
mechanism from the power law dependence was seen. Compared to the alpha coefficients were 
also previously published expressions of the power law. These, however, predicted a linear 
decrease of alpha with equivalence ratio, not supported by the present experimental results.  

 

Fig 6.4.10 Laminar burning velocities of methanol−air flames at atmospheric pressure and initial temperature of 298 K. 
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The effects of dilution with nitrogen and steam on the laminar burning velocity of 

methanol at room and elevated temperatures  

One way to decrease harmful emissions of NOx is to reduce the flame temperature by the 
application of exhaust gas recirculation (EGR).  However this type of dilution effects on the 
flame is still not completely understood, therefore the laminar burning velocity of methanol + air 
diluted with N2 or H2O was investigated. Measurements were performed using the heat flux 
method at temperatures 298-358 K. Overall accuracy was estimated to be better than ±0.8 cm/s. 
Molar water vapor was varied between 0-20% and molar excess nitrogen was varied between 0-
10%. As seen in Figure 6.4.11 (left) there is a linear decrees of the laminar burning velocity with 
increasing concentration of N2, the same trend was seen when increasing the concentration of 
H2O. To investigate the cause of this linear decrease, the thermal and chemical effects of dilution 
was investigated using modeling of the Li et al mechanism.  By introducing fictitious, non-
reactive molecules with identical thermodiffusive properties as N2 and H2O in the simulations, 
the effects can be evaluated separately. One can clearly see in Figure 6.4.11. (left) that there is an 
excellent agreement between the experimental data and modeling. The study indicated that the 
chemical effect is negligible in the case of nitrogen dilution (independent on N2 concentration). 
For water dilution however, the chemical effect cannot be neglected, although for the molar 
percent used in the present study (< 20%) the effect was insignificant.  

The temperature dependence of the laminar burning velocity was also investigated. Two sets 
alpha coefficients where derived, one from measurements of methanol+air and the second one 
using measurements of methanol + 0.19 O2 + 0.81 N2. Compared to the alpha coefficients in 
Figure 6.4.11 (right) were modeling using the Li et al. mechanism.  Good agreement between 
calculated and experimentally derived coefficients was seen for methanol+air flames. For the 
mixture with 0.19 O2 the model predicted slightly higher alpha coefficients than derived 
experimentally. However the deviation is within error bars.   Both the mechanism and 
experimental alpha coefficients predicted a minimum located at equivalence ratio 1.1.  

  

 

 

Fig 6.4.11 Left figure; measured (symbols) and calculated (lines) burning velocities for methanol–air mixtures as a function of excess 
N2 percentage (Tu = 298 K). Dash-dotted lines: model with real N2; Dotted lines, coinciding with dash-dotted lines: model with non-

reactive FN2; Diamonds: ϕ = 0.7; triangles: ϕ = 1.5; and circles: ϕ = 1.0.  Right figure; Power exponent α in Eq. (6) as a function 

of ϕ. Symbols: α derived from experiments. Lines: α derived from modeling. Full line and diamonds: methanol/air; dotted line and 
triangles: methanol burned with 19 mol% O2 in (O2 + N2). 
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Performance of methanol kinetic mechanisms at oxy-fuel conditions  

Methanol premixed flames were studied under oxy-fuel conditions for the first time. Laminar 
burning velocities were measured with the heat flux method at atmospheric pressure for unburnt 

gas temperatures of 308-358 K within a stoichiometric range of ϕ=0.8-1.5. The experimental 
results are discussed by comparison to modeling results from three kinetic mechanisms.  All 
models gave an overprediction of the laminar burning velocity. It was demonstrated that 
implementation of recently advised rate constants for reactions of methanol with O2, HO2, H 
and OH, together with modification of the third-body efficiency for H2O in the decomposition 
of the formyl radical, significantly improves model performance both for methanol combustion 
in air and at oxy-fuel conditions.  

 

 

Fig 6.4.12 The temperature exponent for MeOH+O2+CO2 compared to modeling results. 

 

Ethanol: Effect of bath gas performance of ethanol combustion mechanisms 

As part of a collaboration with research groups in Hungary and Germany, the laminar burning 
velocity for ethanol with different bathgases (Ar, N2, H2O) was investigated. The contribution 
from the Konnnov group at Lund University consists of experimental data for Ethanol+O2+Ar.  

Even when not chemically active, the choice of dilutant can affect the combustion process, 
through for example diffusion and third body effects. The effect of Argon on the laminar 
burning velocity of Ethanol was studied by examining Ethanol+O2+Ar flames, with both the 
effect of temperature and oxidizer mixture composition. The experimental results will be 
presented as part of a large study including three research groups in Hungary, Sweden and 
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Germany, resulting in a kinetic model for ethanol combustion. The complete range of 
experimental temperature on the laminar burning velocity can be seen in Figure 6.4.13. 

 

Fig 6.4.13 Experimental laminar burning velocities for Ethanol+O2+Ar at 308 K, 318 K, 328 K, 338 K, 348 K and 358 K. 

 

Oxy-fuel Combustion of Ethanol in Premixed Flames  

Studying ethanol flames under oxy-fuel conditions is of high relevance because it is a popular 
alternative to traditional fuels. In this study the adiabatic laminar burning velocities of lean 
ethanol+ O2 +CO2 flames, at atmospheric pressure was measured. The oxygen content O2/(O2 
+CO2) in the oxidizer was 35%. The laminar burning velocities were determined using the heat 
flux method, where a non-stretched flame is stabilized under adiabatic conditions. The 
measurements were found in qualitative agreement with modeling performed using three 

mechanisms ; the Marinov mechanism, the San Diego mechanism, and the mechanism by Leplat 

et al. In comparison to experimental data, the Marinov mechanism gave the best quantitative 
agreement. Notable quantitative differences between the mechanisms were analyzed using 
sensitivity analysis and reaction path diagrams. Reaction path analysis showed that the Marinov 
and the San Diego mechanisms have the same 12 most important species. Among the 12 most 
important species in the model of Leplat et al., 10 species are in common with the other two 
mechansims. In Figure 6.4.14 the twenty most sensitive reactions are shown together with a 
reaction path analysis for Marinov mechanism. According to predictions of the Marinov 
mechanism, combustion of ethanol in air and at oxy-fuel conditions proceeds via the same 
reaction path; however, the sensitivities of the key reactions are different. 

 

                                                 

 Naucler, J.D., Christensen, M., Nilsson, E.J.K., Konnov, A.A. Oxy-fuel combustion of ethanol in premixed flames . Energy and 

Fuels 26: 4269-4276, 2012 
 N. M. Marinov,A detailed chemical kinetic model for high temperature ethanol oxidation Int. J. Chem. Kinet. 31 (3): 183-220, 

1999 

The San Diego Mechanism version 20051201 http://maeweb.ucsd.edu/combustion/. 

N. Leplat; P. Dagaut; C. Togbe; J. Vandooren,Numerical and experimental study of ethanol combustion and oxidation in laminar 
premixed flames and in jet-stirred reactor Combust. Flame 158 (4): 705-72, 2011  

http://maeweb.ucsd.edu/combustion/


 

 

Fig 6.4.14 (Left panel) Twenty most sensitive reactions for ethanol+O2+CO2 flame at 298 K and ϕ =0.85 for the Marinov model. 
(Right panel) Reaction path for the 12 most important species at half consumption of ethanol. 

6.4.5 Laminar burning velocities of oxygenated fuels: esters, ketones, aldehydes 

Moah Christensen, Elna J.K. Nilsson, Alexander A. Konnov 

Laminar burning velocities of methyl formate + air at room and elevated temperatures  

Limiting fossil fuel resources and the need to maintain an environmentally sustainable society 
have led to an increased use of biofuels such as biodiesel. Mainly derived from vegetable fat, 
biodiesel primarily consists of methyl and ethyl esters, containing 16-18 carbons.  Since it is 
challenging to develop models for fuels of this size, validation of smaller methyl ester subsets can 
be made and implemented into bigger schemes. This study was performed to accurately measure 
the laminar burning velocity of methyl formate, the smallest methyl ester. The measurements 
were carried out at temperatures 298-358 K using the heat flux method with air as an oxidizer. 
Over all accuracy was estimated to be better than ±1 cm/s. Present experimental data was 
compared to previously published results with good agreement as well as modeling using three 

different mechanisms:  Dievart et al., Glaude et al., and Dooley et al., as seen in Figure 6.4.15. 

The models of Dooley et al and Dievart et al., both developed for MF combustion, could 
successfully reproduce the experimental data at equivalence ratios below 1.2. The mechanism of 
Glaude et al. was developed for Dimethyl carbonate and over predicted the experimental results. 
The temperature dependence was investigated and compared to the modeling of Glaude et al. 
and Dievart et al. A good agreement was seen between the calculated power exponents and 
values derived from the experimental data. Interestingly enough as the Glaude mechanism over 
predicted the laminar burning velocities.  

To evaluate the discrepancy seen at rich conditions between the experimental results and 
modeling a sensitivity analysis of the laminar burning velocity was performed. To gain more 
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insight into the temperature dependence of the mechanism, a sensitivity analysis of the alpha 
coefficient was carried out for the first time. The main difference of the sensitivity of alpha 
compared to the sensitivity of the laminar burning velocity is the size of the normalized 
sensitivity coefficients. The sensitivity of the laminar burning velocity is roughly 1 order of 
magnitude larger than the sensitivity of alpha. The two mechanisms also showed a larger 
difference in size and reaction order for the sensitivity of alpha than compared to the sensitivity 
of the laminar burning velocity. 

 

 

Fig 6.4.15 Laminar burning velocities of MF+air as a function of ϕ at room temperature. Symbols experimental data and lines 
modelling. Squares, results using setup I; triangles, results using setup II;  diamonds, Wang et al.; circles, Dooley et al.[1]; solid line, 
Dievart et al.; dashed line, Dooley et al. and dotted line Glaude et al.. 

 

Trends in reactivity 

A complete review of flame data on oxygenated fuels revealed that published data concerning 
ester laminar burning velocities are scarce. Since esters are components of biodiesel improved 
knowledge on the combustion characteristics are valuable. A systematic study of laminar burning 
velocities of C2 to C7 esters is in progress, and up until now 14 esters have been investigated 
experimentally. The longer chained alkyl esters present in biodiesel have to low vapor pressure to 
allow determination of laminar burning velocities. Studies of smaller esters increase the general 
understanding of ester reactivity and the knowledge obtained can be used to extend chemical 
kinetics mechanisms to longer chained esters. The goal of the study is to determine the effect of 
chain length, degree of unsaturation and branching, on the laminar burning velocity. 

The group of esters with five carbons in the carbonyl chain are called valerates and in a project in 
collaboration with Veronique Dias at Université Catholique de Louvain, Belgium, methyl and 
ethyl valerates have been studied. Laminar burning velocities were determined in Lund and 
species profiles in flames were determined in Belgium. The laminar burning velocities were 
presented at the IEA meeting in Stavanger 2014. 

Dimethyl carbonate (DMC) is the simplest di-ester with the chemical formula C3H6O3. Laminar 
burning velocities of DMC+air flames were determined for the first time and the temperature 

dependence was investigated . 
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This far laminar burning velocities of 14 different esters have been studied experimentally within 
the project, the smallest one being methyl formate and the largest the C7 esters ethyl valerate and 
n-amyl acetate. Likely the C7 esters are the largest ones that can be studied in the present setup 
since they have a vapor pressure at the lower limit of what is possible to keep in gas phase at 
these temperatures. 

The laminar burning velocities of different esters can be compared with respect to different 
properties, the left hand side panel of Figure 6.4.16 show laminar burning velocities of C3 
isomers ethyl formate (EF) and methyl acetate (MA). It is clear from the figure that the position 
of the functional group in relation to the carbons play an important role for laminar burning 
velocity and in the literature this is commonly explained by larger production of reactive 
intermediates from EF compared to MA. A general trend for the studied esters is that they have 
very similar temperature dependence, as can be seen for three C5 esters in the right hand side 
panel of Figure 6.4.16. These three esters have different laminar burning velocities, with the 
trend SL (MM) > SL (MC) > SL (MB) and the differences between them being up to 5 cm/s. 

 

  

Fig 6.4.16 Left hand side: Laminar burning velocities for the isomers ethyl formate (EF) and methyl acetate (MA) at initial gas 
mixture temperatures of 298 K and 338 K. Right hand side: Power exponent alpha for three C5 esters, the straight chained methyl 
butanoate (MB), the chained methyl crotonate (MC) and the chained and unsaturated methyl methacrylate (MM). 

 

Acetone+air laminar burning velocities  

Laminar burning velocities of acetone+air flames were measured at initial gas mixture 
temperatures of 298, 318, 338 and 358 K, and modelled using an updated version of the Konnov 
kinetics mechanism. Experimental data from six previous publications show large scatter with 
difference close to 15 cm/s at peak velocities. This scatter can partly be explained by incorrect 
stretch corrections applied to some of the studies performed on stretched flames, but the 
magnitude of the scatter and bad reproducibility within studies imply that there are other 
difficulties as well. Experience from the present study indicated that an explanation could be the 
chemically aggressive nature of acetone, degrading or contaminating the experimental systems in 
an unpredictable manner. 

The study present a reliable experimental data set at standard conditions and at elevated 
temperatures not visited in previous studies. The agreement with chemical kinetics modeling is 
excellent. 
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Kinetics of premixed acetaldehyde + air flames  

Kinetic models are dependent on validatio not only against the primary fuel but also against 
major intermediates and products generated during combustion. Acetaldehyde is a one of the 
major intermediates of ethanol combustion, despite this only one prior investigation at 298 K of 
the laminar burning velocity have been performed. For the first time the laminar burning velocity 
of acetaldehyde + air mixtures was determined in a broader temperature range using the heat 
flux method. Initial gas temperatures were varied between 298-358 K and overall accuracy was 

estimated to be typically better than  1 cm/s.  Compared to the new experimental data were 

previous measurements of Gibbs and Calcote  at 298 K and modelling.  

Figure 6.4.17 (left) presents experimental results at 298 K compared to measurements by Gibbs 
and Calcote at the same temperature. It can clearly be seen that there is a discrepancy between 
the results. Maximum velocity of the present study occurs at equivalence ratio 1.2 while Gibbs 
and Calcote measured the maximum velocity at 1.0. This discrepancy is most likely attributed to 
the use of the bunsen burner technique that requires stretch correction; however none was made 
in the study of Gibbs and Calcote. Also included in Fig. 6.4.17 (left) are the modeling of three 

mechanisms;  the Konnov, the San Diego and the Leplat. The Leplat mechanism has an updated 

acetaldehyde subset and was best at reproducing the experimental data. The two other 
mechanisms over predicts the present experimental results.  

The temperature dependence of the laminar burning velocity was investigated. The power 
exponent, alpha, was derived from the experimental data and plotted as a function of 
equivalence ratio. Experimental alpha values compared to modeling using the Leplat mechanism 
is seen in Fig. 6.4.17 (right). There is a good agreement between the experimental values and the 
calculated alpha coefficients; however deviation can be seen towards rich and lean conditions.  
Equivalence ratio 1.8 was only possible to be measured at two initial temperatures, resulting in a 
larger uncertainty of the alpha coefficient.  
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Fig 6.4.17 Left figure; the laminar burning velocities of acetaldehyde and air at 298 K and 1 atm. Symbols: experiments, lines: 
modeling. Solid squares: present data; open  triangles: [1]. Solid line, dashed line and dash-dot line: predictions of the mechanisms of 
Leplat et al. [4], Saxena and Williams [3], and Konnov [2], respectively. Right figure; power exponent α as a function of equivalence 
ratio. Symbols present experiment, solid line modeling using the mechanism of Leplat et al. [4]. 

6.4.6 Nitrogen containing fuels 

Jenny Nauclér, Elna J.K. Nilsson, Alexander A. Konnov 

Laminar burning velocity of nitromethane+air flames: A comparison of flat and spherical flames  

Combustion chemistry of nitromethane (CH3NO2) is important in several aspects. Nitromethane 
is considered as one of the simplest fuel-nitrogen species (together with HCN) with one C-N 
single bond. This makes nitromethane a good choice for studies of fuel-nitrogen chemistry.  

Laminar burning velocities for nitromethane+air have been measured using the heat flux 
method. The temperature range accessible was limited by the partial vapor pressure of 
nitromethane to 338 K as the lowest accessible unburnt gas temperature. The premixed flames 

were studied for ϕ=0.7-1.6, at atmospheric pressure and 338, 348 and 358 K in unburnt gas 
temperature.  

When calculating ϕ NO was taken into account as a final product in the stoichiometric balance. 

2 CH3NO2+2.5 O2→2 CO2+3 H2O+2 NO  

Figure 6.4.18 shows the experimental laminar burning velocity with associated uncertainties for 
the nitromethane+air flames presented together with modeled flames at equivalent temperatures 

for 338 K, 348 K and 348 K. The flames was reexamined at 338 K for ϕ=0.8-1.2 and was 
reproducible within the experimental uncertainty. The laminar burning velocity is increasing with 
increasing unburnt gas temperature. The experimental results were compared with recently 

published models suitable for nitromethane flames, in particular one by Brequigny et al. . While 

the models show a substantial under-prediction of the laminar burning velocity over the 
complete range of equivalence ratios, the temperature dependency predictions are consistent.  
Experimental results from Brequigny et al. were analyzed in the light of these new experimental 
data, resulting in a redefinition of the their results which better fit into the context of the present 
study.  
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Fig 6.4.18 Laminar burning velocities for nitromethane+air flames at atmospheric pressure compared to modeling results. 

 

Nitromethane+O2+CO2 

Oxy-fuel combustion has shown to have the additional benefit of reducing the formation of 
NOx pollutants in the emissions.  This can be both a thermal and chemical effect. To understand 
the effect of CO2 on formation of NOx, fuel-bound nitrogen is studied through the model-fuel 
nitromethane. The laminar burning velocity of Nitromethane flames was examined under oxy-
fuel conditions at 348 K, 358 K and atmospheric pressure. To separate out the chemical effect 
from the thermodynamic effect, nitromethane+O2+CO2 was also investigated in shock tube 
measurements.  

 

Fig 6.4.19 Laminar burning velocities for nitromethane+O2+CO2 flames at atmospheric pressure. 

 

Ignition of nitromethane+O2+N2 in a shock tube  

Nitromethane is a fuel with practical applications; therefore information on its ignition behavior 
is of high relevance for the community. More knowledge on specific properties as pressure 
dependence and species effect at the same equivalence ratio can help in both practical 
applications as well as facilitate understanding for nitrogenated fuels. 

The ignition behavior of nitromethane+O2+N2 was examined in the high pressure shock tube at 
National University of Ireland in Galway. The ignition was tracked using unfiltered light 



 

emission of 240–530 nm. The experimental results were further examined through modeling 
using the mechanism presented by Brequigny et al.  During the present study three aspects of 
ignition were examined, the pressure and luminosity profiles over time of nitromethane+O2, the 
pressure dependence of the ignition and the effect of nitromethane+O2 composition.  

Nitromethane+O2 mixtures exhibit an unusual ignition behavior, with two separate ignition 
events. At the first stage there is an instantaneous ignition after the reflected shock wave. This 
first stage did not show any temperature dependence under the conditions of the present study. 
After the first stage ignition comes a second ignition event with higher light intensity. This 
second stage was examined further with respect to temperature and pressure, resulting in 
decreasing ignition delay time with increasing temperature. 

Another unusual aspect with nitromethane ignition is that it showed no pressure dependence 
under the conditions of the present study. It was found that, for a stoichiometric mixture 
containing 4% nitromethane and 5% O2, the second stage ignition did not change with pressure 
over the range 8–32 bar. The first stage ignition was <50µs at all pressures examined.  

The effect of composition was examined by comparing two mixtures at ϕ=0.5, with reduced 
nitromethane content and increased O2 content, respectively. Reducing the nitromethane content 

had a small effect on the second stage ignition time as compared to the mixture at ϕ=1.0, 
whereas increasing the O2 content resulted in significantly faster ignition.  The ignition will be 
explored further and explained from a chemical aspect through kinetic modeling results. 

 

Fig 6.4.20 Pressure and luminosity profiles over time for ignition of nitromethane+O2+N2. 

 

6.4.7 Flames with NH3 

Valdimir Alekseev, Christian Brackmann, Alexander A. Konnov 

Ammonia (NH3) flame structure has been the subject of many studies since combustion 
chemistry of ammonia is relevant to NOx formation. The flame structure of ammonia is 
relatively simple compared with hydrocarbon flames, therefore all major intermediates, i.e. OH, 
NH2, NH, NO, can be measured with spectroscopic methods and these data can be used for 
detailed kinetic model development. To investigate the interaction between nitrogen containing 
species and hydrocarbons it is also of interest to perform studies of hydrocarbon flames seeded 
with ammonia. 

 



Study of NH3+air premixed flames. 

In the present collaborative work, structure of three premixed ammonia + air flames, ϕ = 0.9, 
1.0, and 1.2, burning at atmospheric pressure under strain-stabilized conditions on a porous-plug 
burner has been investigated. The stoichiometric flame was diluted by a small flow of nitrogen in 
order to reduce the flame speed and be able to stabilize it aerodynamically. Profiles of OH, NH, 
and NO were acquired by laser-induced fluorescence (LIF). Temperatures and relative oxygen 
concentrations were measured by rotational Coherent Anti-stokes Raman Spectroscopy (CARS). 

Experimental data were used for evaluation of three detailed kinetic models . Simulations were 

carried out with a stagnation flame reactor model, i.e. strain-stabilized flame with a stagnation 
plane, and the solutions were obtained both by applying experimental temperature profiles and 
by solving energy equation. A mechanism of Mendiara and Glarborg was found to perform best, 
showing good match with experimental results in terms of temperature and flame front position 
for all investigated flames, as well as for OH and NO concentration profiles in the lean and 
stoichiometric flames. A mechanism of Shmakov et al. showed similar performance in terms of 
NH, OH, and NO concentrations in the lean and rich flames, with a bigger discrepancy for OH 
and NO in the stoichiometric flame, and a mechanism by Duynslaegher et al. showed larger 
deviations from the experimental data in all flames. A sensitivity analysis for the Mendiara-
Glarborg mechanism indicated that some structural modifications to the model can still be 
necessary to improve predictions at some conditions. As an example, Figure 6.4.21 shows the 
experimental and predicted NO concentrations for the three flames. While for the lean 
conditions the models agree well with each other and the measurements, three are some 
deficiencies in modeling of rich NH3 chemistry as can be seen from the right hand side of Figure 
x.5. It was also found that the modification proposed by Shmakov et al. to the original Konnov 
and De Ruyck mechanism, which his mechanism is based on, i.e. substitution of the reaction 
NH+H2O=HNO+H2 by formation of the NH2OH radical: NH+H2O=NH2OH, has made a 
major improvement for the simulation of studied, since the performance of the original Konnov 
and De Ruyck mechanism was found to be very close to the model of Duynslaegher et al. 

 

Fig 6.4.21 Experimental (symbols) and modeled profiles of NO concentration in the lean (left), stoichiometric (middle) and rich (right) 
flames. Green solid line: model of Mendiara and Glarborg, blue dash-dot line: model of Shmakov et al., red dot line: model of 
Duynslaegher et al..  
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6.4.8 Intracavity Laser Absorption Spectroscopy (ICLAS) 

Vladimir Alekseev, Alexander A. Konnov 

Measurement techniques based on absorption of light can provide quantitative information 
about species concentration, e.g. flame radicals, with high sensitivity, which can be extremely 
important for combustion modeling. A setup for absorption measurements was built in our lab 
in 2011 and described in detail in the activity report for 2009-2011. Briefly, the measurement 
technique is based on Fiber Laser Intracavity Absorption Spectroscopy. In intracavity 
absorption, the absorbing medium is placed inside a laser cavity, therefore the effective 
absorption path length can reach extremely high values. The laser gain also compensates 
broadband cavity losses, e.g. mirror transmission or scattering from particles, which allows for 
in-situ measurements in hostile environments like flames or combustion engines. The use of 
fiber lasers as an IR light source provides simplicity in operating the setup. At the same time, 
fiber lasers can provide both broadband and tunable signal in near-IR.  

During the present period, the setup was used to record the spectra of H2O in the post-flame 

zone of premixed CH4+air flames with ϕ=0.7,1.1,1.3.  The study aimed to investigate the 

possibility of temperature determination from comparing the experimentally recorded spectra to 
the calculations made with HITEMP database. Figure 6.4.22 shows an example of the obtained 

results for the flame with ϕ = 1.1. There was a big difference between the measured and 
simulated spectra, therefore it was not possible to determine the temperature from the best fits 
with a reasonable level of confidence, therefore the theoretical spectrum in Figure 6.4.22 was 
calculated at the adiabatic flame temperature of 2200 K. The H2O spectra recorded in flames 
with different equivalence ratios also showed low temperature sensitivity. 

 

Fig 6.4.22 Experimental spectra (blue solid curve) and HITEMP simulations (red dotted curve) for the conditions: ϕ=1.1, T = 
2200 K. 

In a collaborative project with Tel-Aviv University, ICLAS technique was used to study HCO 
radical in a low pressure (30 Torr) rich CH4+O2+N2 flames. The experimental conditions were 
also investigated by detailed modeling. HCO is a key intermediate in methane combustion, since 
its reactions constitute the main pathway for CO production. Oxidation under very fuel-rich 
conditions is of interest as a possible way for the conversion of natural gas to syngas. 

Figure 6.4.23 (left) shows the schematic of the ICLAS experimental setup based on a external 
cavity dye laser. The setup was built around the low pressure chamber with a McKenna burner. 
The light from continuous Nd-YAG laser is chopped over 30-100 µs pulses by using an acousto-
optic modulator (AOM1). The pumping beam is focused into the dye jet with spherical mirror 

                                                 

 V.A. Alekseev, P. Fjodorow, V.M. Baev, S. Cheskis, A.A. Konnov, Absorption measurements in atmospheric flat flames with 

Fiber Laser Intracavity Absorption Spectroscopy, Proceedings of the European Combustion Meeting – 2013, Paper P5-19, 6 pp, June 
25-28, 2013, Lund, Sweden, ISBN 978-91-637-2151-9. 

ϕ  = 1.1, T = 2200 
K 



M1. The cavity of the dye laser is organized in a three mirror scheme: two high reflectivity 
spherical mirrors M2 and M3 and partially reflective plane output mirror OM, wedged in order 
to avoid interference fringes. The flame is placed between M3 and OM inside the low pressure 

chamber. The laser beam enters the chamber through two 1⁰ wedged windows W1 and W2 
mounted at the Brewster angle. After the output coupler, the second AOM is placed in order to 
select a last fraction (about 5 µs) of the generated laser pulse (30-100 µs), which corresponds to a 
certain value of the effective absorption path length Leff. The spectral data were obtained with 1 
m spectrograph (SPEX 1000 M) and CCD array. The gas mixtures were made from CH4, O2 and 
N2, and the varying dilution by nitrogen was used to control the flame front position relative to 
the burner. The experimental spectra of the HCO were recorded as a function of height above 
the burner for different equivalence ratios. An example of the results is shown in Figure 6.4.23 

(right) for the flame with ϕ = 1.5. The temperature profiles were recorded with OH LIF. A 
comparison is made between the experimental and calculated HCO mole fractions, and in 
addition, to the experimental HCO mole fractions obtained by using the temperature profiles 
from the corresponding simulations. 

  

 Fig 6.4.23 ICLAS setup based on external-cavity dye laser (left) and profiles of HCO and temperature for a flame with ϕ = 1.5 
(right). 

    



 

6.4.9 Atmospheric chemistry studies 

Elna J.K. Nilsson 

Through collaboration with University of Copenhagen Elna J.K. Nilsson has participated in several 
studies concerning chemical kinetics relevant to the atmosphere, and a continuation on earlier work on 
indoor air purifiaction using ozone. 

The atmospheric chemistry research can be divided into two main themes; isotope effects in chemical 

reactions of naturally occuring hydrocarbons , and studies of chemical reactions taking place when biofuel 

compounds are emitted to the atmosphere . Isotope effects are important to use as constraints in 

modelling of the budget of compounds, by knowing the concentrations of two or more isotopologues of 
a compound, and the differences in reactivity of these, understanding of release, transport and loss of the 
compound can be greatly enhanced. Studies of the atmospheric reacticity of biofuels and potential future 
biofuels are essential to understand the environmental impact of possible future release of the biofuels to 
the atmosphere. An important conclusion from biofuel studies is that their environmental impact on a 
global scale are minor, while their release can result in changes in chemical composition of the local 
environment, for example increased ozone concentrations affecting human health. The studies are mainly 
performed in static reaction chambers and often supported by modelling of the kinetics. 

The method for air purification using chemical reactions similar to those taking place in the atmosphere 
was invented in 2009 by professor Matthew S. Johnson at University of Copenhagen and a proof of 
concept device was designed and built by Elna J. K. Nilsson during a one year postdoc in 2009. The 
collaboration has continued and now resulted in a scientific publication based on the experimental 

results .  
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7 Laser radar 

7.1 Laser radar and remote sensing in biology and ecology 

M. Brydegaard, E. Malmqvist, L. Mei, S. Török, S. Jansson, J. Kjellman, S. Svanberg1, J. Bood 

Overview 

Following the transition of the Applied Molecular Spectroscopy and Remote Sensing group 
(AMSRS) from division of Atomic Physics to division of Combustion Physics, one of the main 
research activity remained to be passive and active environmental monitoring and in particular 
probing of the living biosphere 2 3 4  Within this discipline tools for remote detection and 
classification of atmospheric insects and birds are developed. The tools are often characterized 
by being non-intrusive, non-perturbing, they can be employed in-situ on ranges up to several 
kilometers and in the natural environment as is. Static probe volumes are in most cases used 
such as zenith monitoring or horizontal transects in the landscape either in relation to ground 
topology, agricultural patches or conventional traps.  We also develop and employ optical 
powder tagging method for mark-without-recapture studies. The strive from the technologically 
perspective is to continuously improve signals, precision, detection limits and in particular 
specificity for contrasting different species, genders, age groups, payload. Specificity is achieved 
through remote retrieval of a large set of parameters such as position, time, optical cross 
sections, body and wing size, wing beat frequency and harmonics spectrum, pigmentation, 
microstructural features. Apart from specificity we also strive to establish quantitative table 
values for the cross sections of various species and methods for remotely determining the flight 
heading directions with the goal of eventually be capable of determine fluxes of species on 
landscape scale. Finally we conduct some experiment for probing the interaction kinetics 
between species through time-lag-correlation methods. 

Ecological application areas: 

The current projects from an ecological applications perspective are: 

 Biodiversity of pollinators in agriculture, estimate abundance of variety of insect seen over 

some 2o patches of agriculture and grassland (Brunsslöv, 2013, 2014) 

 Evaluation of insect traps, estimation of efficiency, range and biases of conventional traps 

for abundance measures, in particular in relation for disease transmission for live-stock 

(Stensoffa 2013) 

 Monitoring of forestry pests bark beatles (Nyteboda 2014) 

 Insect distribution and bio-mass spectrum over a Swedish forest lake (Nyteboda 2014) 

 Vertical distribution of insects over the day cycle (Nyteboda 2014) 

 Lunar obscuration ornithology with hi-speed digital camera (Lund 2014) 

 Lidar ornithology with an conventional aerosol lidar(Athens 2013) 
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 Aquatic depth profiling of oscillatory zoo-plankton (Lund 2015)  

Instrumentation 

LUMBO (Lund University Mobile Biosphere 
Observatory), is a new laboratory and 
development platform for remote sensing of 
the atmospheric fauna. LUMBO consist of an 
office part and a dome part with a battery of 
telescopes, lasers and sensors (see lists below). 
LUMBO was built during late spring 2013, by 
Sandra Török and Mikkel Brydegaard1. The 
construction of LUMBO was allowed by two 
separate grants, the first aiming for passive and 
active thermal infrared classification of 

migrating birds[5], the second aiming for active laser radar an entomology.3 

NEO lidar, is a prototype developed at Norsk 
Elektro Optikk AS, the system is one of the 
smallest and lightest in the world and can be 
deployed in field with a personal car. In June 2014 
the system was shipped to Lund for the purpose of 
various proof of principle studies. In summer 2014 
the system was used for profiling bio-mass spectra 
in lake, vertical and agricultural scenarios. The 
system can be operated single or multiband. In 
spring 2015 system is undergoing upgrading to 
SWIR wavelength which will greatly increase the 
efficiency for entomology. 

Reference chamber, we are currently setting up a reference measurement system in well 
controlled laboratory conditions. The purpose is to establish a permanent station for producing 
table values for optical cross sections for various insect species, genders and age groups. The 
system employs a 3D stereo vision for precise knowledge of the insect aspect. The aim is that 
system will operate at two bands in NIR and SWIR. A number of photodiodes records the cross 
section at 20 kHz, both for co-polarized, de-polarized backscatter and extinction1234. 
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Aquatic lidar, Allowed by an Edmund Optics awards, we are currently launching lidar activities 
in aquatic ecology as well. The proposed setup is a scaled down version of atmospheric CW lidar 
for application on much shorter ranges in the order of 10 m depth. The system will make use of 
the powerfull 2 W, 445 nm blue GaN laser diodes. On the detection we are currently combining 
Scheimpflug and push-broom principle to achieve an inelastic lidar where we expect to see both 
temporal oscillations of elastic backscatter, water Raman and chlorophyll fluorescence as 
function of depth. Once we have working prototypes we will start applying the method first to 
laboratory tanks and later natural environments. Fresh water ecology is in collaboration with 
Lars-Anders Hansson, CAnMove Lund, and saltwater with Thomas Kjørboe, DTU Aqua, 
Denmark. 

 

 

Wavelength (nm) Modulation Power Type 

405, 445, 660, 
808, 980, 1550  

10-20 kHz 0.5-5 W Diode lasers 

532, 1064 20 kHz 0.5-1 W DPSS Nd:YAG 

355, 532, 1064 10 ns, 10 Hz 20-200 
mJ  

SS Nd:YAG 

1545 nm 6 ns pulse 
dur, 20 kHz 
rep. rate 

150 μJ 
 4 W 

Erbium fiber 
laser 

10600 nm 5 kHz 10 W CO2 gas laser 

Table 1, Available laser sources for environmental monitoring of ecosystems, Picture, 5W, 1550 LDs 

Spectral range 
(nm) 

Spectral 
bands 

Segments Band width Type 

200-1000 1 4 5 kHz Si quadrants 

900-1700 1 4 5 kHz InGaAs quadrants 

3000-5500,  
8000-12000  

2 4 100 kHz 70 K Sterling cooled InSb/HgCdTe 
dual band quadrant 

200-900,  
900-1700 

2 1 5 kHz Si/InGaAs dual band sandwiches  

300-1100 3648 1 250 Hz Compact Si spectrometer 

300-800 32 1 6 kHz Multi-Anode PMT spectrometer 

300-950 1 1014x2048 270 Hz Compact Si hi-speed camera 

350-950 1 2x2048 20 kHz Si line scan camera 

900-1700 1 1x2048 10 kHz InGaAs line scan camera 

900-1700 1 4 200 MHz TEC InGaAs APD quadrant 

200-600 1 1 200 MHz Various PMTs 

Table 2, Available detectors laser sources for environmental monitoring of ecosystems 

 



Techniques 

Dark field, is a method that we employ record backscattering from atmospheric fauna both in 
the laboratory and in remote sensing up to a few hundred meters range. The principle is based 
on directing telescope field of view (FOV) into black cavity. When organisms intercept the FOV 
backscattered light is collected. Sensors can either be spectrometers of various types of 

photodiodes. Light source can be the sun or 
laser illumination. The method does not 
provide ranging but is an inexpensive way to 
explore bands and polarization for 
entomological lidar development12. 

 

 

 

 

 

 

Scheimpflug lidar, is a method 
developed by Mikkel Brydegaard 
which allows atmospheric lidar with 
inexpensive high power laser diodes 
and array detectors such as CCDs. 
This greatly reduces cost, weight and 
complexity in respect to conventional 
atmospheric lidars with pulsed laser 
sources, HV cascade detectors and 
RF sampling. One particular feature 
of Scheimpflug lidar is that sample 
rate can be increased to many kHz 
allowing to resolve insect wingbeat waveforms and the respective harmonic modulation 
spectrum. Scheimpflug  lidar has so far been persued in the NIR region using Si CCDs, but we 
are currently  upgrading the detector to InGaAs to employ the method in SWIR where insect 
have much larger cross section since they are all bright34.  

Passive/Active TIR, We have recently invested in an advanced Sterling cooled thermal infrared 
dual-band quadrant as well as a linear polarized 10 W CO2 laser at 10.6 μm which can be 
modulated put to 5 kHz. Which this we will explore both passive and active detection of 
atmospheric fauna, polarization anisotropy and inelasticity in the near future5. 
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Science in developing regions and spin-off activities  

A central theme at the AMSRS for the success of remote sensing and environmental monitoring 
applications, is what we refer to as realistic instrumentation[12]. Within this discipline we 
develop instrumentation of high accuracy and standard, yet at the same time robust enough to 
deploy in field conditions and simple enough to operate for extended periods of days and weeks. 
Forthcoming lidar entomology in our group will among other be centered around a number of 
tropical campaigns in Ivory Coast, South Africa and China for monitoring malaria mosquitoes, 
biodiversity and rice moth pests respectively. This funded within the VR/Uforsk grant for 
developing regions. Also local industry and benefitting from realistic instrumentation which is 
required for commercial solutions. In 2014 a spin-off company FaunaPhotonics IVS, Denmark 
was established with the goal of providing lidar solutions for monitoring fauna. 

Grants and funding 

CanMove, thermal infrared ornithology, 700 kSEK 
Faculty of natural science, active sensing of the biosphere, 700 kSEK 
LLC, laser probing of oscillatory organisms, 1 MSEK 
VR/Uforsk, Entomological LIDAR for tropical development, 3 MSEK 
Fysiographical society Lund, Märta och Erik Holmbergs donation, SWIR CW lidar, 240 kSEK 
Edmund Optics Award, CW LIDAR for aquatic ecology, 5 k€ 

Part of a VR infrastructure planning grant, 790 kSEK total 
LU support 
 

 



7.2 Laser radar for atmospheric remote sensing 

M. Brydegaard, L. Mei, S. Svanberg1 

Continuous-wave differential absorption lidar 

This study proposes a novel concept of differential absorption lidar based on the Scheimpflug 
principle. The range-resolved atmospheric backscattering signal of a laser beam is retrieved by 
employing a tilted linear sensor in a Newtonian telescope satisfying the Scheimpflug condition. 
The system schematic is shown in Figure 1. 

 

Figure 1 System schematic of the CW-DIAL system, the co-alignment component is used to overlap the beam and field of 
view. 

The concept is demonstrated by studying the absorption profile of atmospheric oxygen with a 
continuous-wave laser diode emitting around 761 nm (30 mW output power). By tuning the laser 
current and thus the emitting wavelength across the oxygen absorption profile, multi-wavelength 
differential absorption lidar measurements can be performed. As shown in Figure 2, the 
atmospheric backscattering signal at different wavelengths can be recorded by a linear CCD 
camera with an integration time of 6 s during night time. The differential absorption curves are 
then deduced by dividing the on-wavelength backscattering signals with the off-wavelength 
backscattering signal, as shown in Figure 2(b). With the assumption of a constant atmospheric 
oxygen concentration, the absorption cross-section of atmospheric oxygen can be retrieved by 
performing Beer-Lambert fit on the differential absorption lidar curves. As shown in Figure 3(b), 
the experimental results agree quite well with the oxygen absorption profile obtained from 
HITRAN database. The results presented in this work open up a new possibility of using the 
continuous-wave differential absorption lidar (CW-DIAL) for remote profiling of atmospheric 
gases, especially when using high power laser diodes in the near infrared region. Future 
atmospheric gas monitoring campaign based on this technique can be planned, e.g., H2O vertical 
profiling, CH4 and CO2 monitoring. This work has been submitted to Laser and Photonics 
Reviews for revision. 

 

                                                 
1 Div. of Atomic Physics, LTH, Lund, and South China Academy of Advanced Optoelectronics, South China 
Normal University, Guangzhou, China. 



 

 

Figure 2 (a) Atmospheric backscattering signals for different wavelengths around 761 nm; (b) DIAL curves at different 
wavelengths. The red curves show the corresponding fits based on the Beer-Lambert law, given in Eq. (1); (c) Oxygen 
absorption profile obtained from the range-resolved atmospheric backscattering signal and from HITRAN database, the dots 
are the experimental results while the solid line is the corresponding fit. 

 

Multiband continuous-wave aerosol lidar 

To study atmospheric aerosols, a multiband continuous-wave lidar system is developed, where a 
2D camera is employed to capture the full image of the laser beam. Thus, an overlap function of 
1 can be achieved over all distance in the field of view of the receiving telescope. The multiband 
lidar system utilizes two laser diodes running at 398 nm and 808 nm respectively. The intention 
is to quantify the aerosol size through the ratio of the atmospheric echoes at these two 
wavelengths.  The system schematic is shown in Figure 3. Some preliminary soot release 
measurements have also been done. However, more experimental work has to be performed in 
2015 in order to quantify the aerosol/soot size.  
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Figure 3 System schematic of a two-band lidar system. 

 

Wind lidar 

One of the well-known techniques for wind speed measurements in atmosphere is the so-called 
correlation technique, where 2-3 pulsed lidar systems set up separately are employed to record 
the atmospheric echoes and the wind speed can be deduced from the time lag between these 
echoes. The intention is to perform time correlation on the laser beam image so that the wind 
speed perpendicular to the laser beam can be measured. The wind speed parallel to the laser 
beam can in principle be measured as well, which could be very useful for horizontal 
atmospheric measurements. The system is now ready for performing wind speed measurements 
which would be done in 2015. 

 



 

 

Figure 1 a) Schematic of picosecond DIAL setup. Abbreviations THG:third harmonic generation, OPA: Optical 
Parametric Amplifier, M:Mirrors, CM:Collection mirror, NH3-1/NH3-2:NH3 source, PMT:photomultiplier tube. b) 
Range-resolved concentration profiles measured for distances 30 and 70 cm between the NH3 sources. 

7.3 Laser radar for combustion research 

The laser-radar activities directed towards combustion applications focus on development of a 
near-field LIDAR system providing high range resolution. In order to improve the range 
resolution we use laser pulses of 30 och 70 ps duration. Ideally, such pulses would lead to a range 
resolution of 5 (for 30-ps pulses) or 10 mm (for 70-ps pulses). The LIDAR technique uses 
backscattered light which makes it possible to use only one optical access for both transmitted 
and received light. This is desirable for situations with limited optical and physical access, which 
is typical in full-scale power plants or gas turbines. In order to utilize the high temporal 
resolution provided by picosecond-laser pulses, fast detection is required. Therefore, either a 
streak camera, providing a temporal resolution of up to 2 ps, or an MCP-PMT (170 ps rise time) 
is used for signal detection.  

 

NH3 LIDAR  

B. Kaldvee, C. Brackmann, M. Aldén and J. Bood 

Figure 3a shows a schematic of the DIAL setup developed at the Division of the Combustion 
Physics. The beam from a picosecond laser system, consisting of a powerful Nd:YAG laser and 
OPA units, is directed towards a target, in this case two sources emitting a gas mixture 
containing ammonia. Laser radiation scattered in the backward direction is collected by a 
telescope and guided to a photomultiplier tube. Even though a single optical path is used for 
excitation and detection, time-resolved detection of backscattered signal provides spatial 
resolution. Measurements on and off NH3 absorption resonances around 212 nm allows for 

retrieval of range-resolved NH3 concentration profiles, as shown by the two profiles in Fig. 1b 
measured for distances 30 and 70 cm between the NH3 sources. 

 

 

 



LII LIDAR 

B. Kaldvee, C. Brackmann, M. Aldén and J. Bood 

A novel concept for remote in situ detection of soot emissions by a combination of laser-
induced incandescence (LII) and light detection and ranging (LIDAR) is presented. A lidar setup 
based on a picosecond Nd:YAG laser and time-resolved signal detection in the backward 
direction was used for LII measurements in sooty premixed ethylene-air flames. Measurements 
of LII-lidar signal versus laser fluence and flame equivalence ratio showed good qualitative 
agreement with data reported in literature. The LII-lidar signal showed a decay consisting of two 
lifetime components, of typically 20 and 70 ns, attributed to soot sublimation and conductive 
cooling, respectively. Theoretical considerations and analysis of the LII-lidar signal showed that 
the derivative was proportional to the maximum value, which is an established measure of soot 
volume fraction. Utilizing this, differentiation of LII-lidar-data gave profiles representing soot 
volume fraction with a range resolution of ~16 cm. The accuracy of the evaluated LII-profiles 
was confirmed by comparison with LII-data measured simultaneously employing conventional 
right-angle detection. Thus, LII-lidar provides range-resolved single-ended detection, resourceful 
when optical access is restricted, extending the LII technique and opening up new possibilities 
for laser-based diagnostics of soot and other carbonaceous particles. 

 

 

Figure 2 a) Schematic of picosecond LII-LIDAR setup consisting of a Nd:YAG laser, a collection telescope , and a fast 
detector. Abbreviations M:Mirror, CM:Collection mirror, PMT:photomultiplier tube. b) Range-resolved profiles of soot 
volume fraction for the two burners in the beam path. 

 



 

8 Plasma Assistant Combustion and Diagnostics 

8.1 Plasma assisted combustion 

A. Ehn, J.J. Zhu, Z. Wang1, P. Petersson, L. Yang1, B. Li, Z.S. Sun, A.A. Konnov, M. Aldén, Z.S. Li, C. Fureby2, 

T. Hurtig2, N. Zettervall2, A. Larsson2, J. Larfeldt
3
 

A new field of research has been approached in this three-year period called plasma-assisted 
combustion (PAC). In this branch of combustion research, plasmas are employed to enhance 
combustion processes. Apart from gas heating three nonthermal processes have been proposed 
to have a stimulating effect on combustion, namely ionic wind, additional flux of active radicals 
in the gradient flow due to ion and electronic drift in the electric fields as well as electron-
collision driven increase in aggressive radicals and other active species that has an impact on 
combustion kinetics. Obviously, each of these nonthermal energy transfer pathways are rather 
complex and therefore extensive experimental and simulation work has to be carried out in order 
to understand PAC in detail or even understand how it should be implemented in large scale 
energy conversion. In the ongoing work at Combustion Physics we are collaborating with 
Siemens Turbo Machinery as well as the Swedish Defense Research Institute: The aim is to 
combine Combustion Large Eddy simulation modeling, plasma induced chemical kinetics, 
plasma physics and advanced experimental combustion diagnostics to develop simulation tools 
and a broader understanding of plasma-assisted combustion in turbulent combustion.  

Ozone assisted combustion 
Most species that are formed in plasmas are very aggressive and therefore react within a very 
short time span after being produced. In order to exploit their boost to the kinetics the plasma 
needs to be produced at the actual flame front. There are, however, a few species that are formed 
in plasmas in oxygen-rich environments that are somewhat stable at lower temperatures and 
pressures. One of these species is ozone (O3) that has a chemical lifetime of several hours at 
standard temperature and pressure. Ozone was seeded into a flame to investigate the effect that 
ozone has on combustion chemistry.  

 

Figure 8.1.1. Simulation and 
experimental results for burning velocity 
enhancement as a function of equivalence 

ratio. From Wang et al.4. 

 

                                                 
1 Zhejiang University 
2 Defence and Security Systems and Technology, Swedish Defence Research Agency, Sweden 
3 Siemens Industrial Turbomachinery AB, Finspång, Sweden 
4 Z.H. Wang et al., Combust. Flame, 159 (1) (2012), pp. 120–129. 



Laminar flame speed 

The initial work was done in a laminar premixed flat flame where the burning velocity was 
measured using the heat-flux method. By developing a new ozone sub-mechanism chemical 
kinetics simulations could be performed to model the enhancement in burning velocity. The 
enhancement in burning velocity, from both simulations and experiments, are shown in Figure 
8.1.1. 

Turbulent combustion 

The chemical kinetic mechanism that was developed in the work presented by Wang et al.1 was 
further reduced and tested in combination with reduced methane/air skeletal mechanisms. Fairly 
good agreement between the reduced chemical kinetic mechanism and the well-established GRI 
3.0 mechanism was seen. Therefore, this reduced chemistry was implemented in combustion 
Large Eddy Simulation simulations of an ozone seeded methane/air flame in a low-swirl burner 
geometry. In addition, planar laser-induced fluorescence imaging of formaldehyde (CH2O) and 
hydroxyl radicals (OH) were performed in such a flame for different ozone seeding 
concentrations. A 30 kW low-swirl flame were seeded with a total amount of approximately 4 
s/min of ozone. Such a seeding rate results in a maximum seeding concentration of around 6700 
ppm of ozone in the premixed gas. This work showed good agreement between experiments and 
LES simulation. Data from simulations as well as experiments reveal an increase in CH2O as O3is 
supplied to the CH4-air stream upstream of the flame. The LES results also predicted that the O3 
enrichment would increase the laminar flame speed with about 10%. Further, extinction strain-
rate would increase about 20% with maximum ozone seeding. The increase in extinction strain 
rate allows the flame to burn under more turbulent conditions than would be possible without 
O3 seeding. A comparison between LES and PLIF data are shown in Figure 8.1.2. 

 

Figure 8.1.2 (a) A volumetric rendering from LES simulations of the low-swirl flame. The dashed box indicates the area 
where LES results and PLIF data, from Case 2, are compared in (b) and (c). Time-averaged LES and PLIF images of 
OH and CH2O are shown in (b) and (c), respectively, together with radially averaged profiles. 

 

                                                 

1 Z.H. Wang et. al., Combust. Flame, 159 (1) (2012), pp. 120–129. 



 

 

Formaldehyde formation in ozone seeded flames 

As an intermediate species in hydrocarbon combustion, CH2O, in the pre-flame region was 
detected for the study of initiation and progression of combustion. In this work the 
formaldehyde enhancement in ozone seeded flames was experimentally investigated by detection 
of formaldehyde in three different flames. First, the formaldehyde enhancement in a laminar 
premixed Bunsen-type flame was investigated at conditions corresponding to those of Wang et 
al.1. The CH2O distribution in a laminar premixed methane/air flame with O3 addition was 
investigated with CH2O-PLIF from fuel-lean to fuel-rich conditions. Simulations of these flame 
conditions show that the formation of formaldehyde when O atoms react with CH3 is mainly a 
result of thermal decomposition of O3, a process that takes place already at the early pre-heat 
zone in flames. A second study was performed to investigate the thermal decomposition of O3 
by measuring formaldehyde in a Bunsen-type flame where the premixed oxidizer and fuel was 
preheated to temperatures corresponding to the early pre-heat zone (500–600 K). The first study 
was modeled with the mechanism of Wang et al. 1 as well as the more recently proposed sub-
mechanism for ozone combustion by Konnov2, where these sub-mechanisms are coupled to 
GRI3.0 mechanism for methane. The chemistry in the preheated gas mixture was simulated 
using the later mechanism in the pre-heating study. A third experimental study was performed to 
investigate how O3 addition affects a flame under turbulent conditions which was carried out on 
a turbulent premixed methane/air jet flame employing CH2O-PLIF. The increase in 
formaldehyde signal with pre-heating of the premixed gas is shown in Figure 8.1.3 for two 
different preheating temperatures.  

 

 

Figure 8.1.3 Formaldehyde PLIF signal with preheating temperature T3 are displayed with and without ozone seeding 
(7900 ppm) in (a and b), respectively. (c) Formaldehyde PLIF image acquired with lower preheating temperature (T1) with 
O3 seeding (7900 ppm). (d) Cross sections of the PLIF signals, evaluated at height 30 mm, are displayed for three different 
preheating temperatures along with the formaldehyde signal captured without ozone seeding. 
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Plasma assisted combustion 

A dielectric barrier surface discharge was applied to increase the combustion rate in a Bunsen-
type burner. A coaxial burner geometry was used where premixed fuel-air flows in the outer 
annular tube while a jet of air can be injected through the central tube, thus increasing turbulent 
mixing and flame speed. The flame characteristics were diagnosed by visible light photography 
(chemiluminescence) and through the use of Planar Laser Induced Fluorescence (PLIF) of the 
hydroxyl radical (OH), formaldehyde (CH2O) and methylidyne radical (CH). Typical PLIF 
images of formaldehyde is seen in  

 

Figure 8.6.4 Formaldehyde measurements without (a) and with (b) electric energy at a jet velocity of 20 m/s. In (a) it is 
seen that the this zone is well defined and very little turbulence is present in the flame at 20 m/s jet velocity and no electric 
energy. In (b) the formaldehyde concentration is spread over a larger volume and there is a clear indication of an increase in 
turbulent mixing. Formaldehyde PLIF data without (c) and with (d) applied electric energy with a jet velocity of 30 m/s. A 
slight increase in turbulence and flame speed can be seen in (d) as compared to (c) but is less pronounced than in the case 
where the central jet speed is 20 m/s, seen in (a) and (b). 

When the central jet was used the power density but not the total power of the flame increases 
and gives the possibility of studying the influence of the discharge as a function of power density 
in the flame. It was found that, although the total power in the flame was held constant, when 
the power density in the flame increases the influence of the electrical power on the flame 
characteristics decreases. 

 

(a) (b) (c) (d) 



 

8.2 Plasma diagnostics 

 

J.J. Zhu, J.L. Gao, A. Ehn, Z.S. Sun, A. Larsson1, T. Hurtig 1, Y. Kusano2, M. Salewski3, F. Leipold4, D. Moseev5, 
A. Alpers6, P. Gritzmann6, M. Schwenk6, M. Aldén, Z.S. Li 

A gliding arc discharge is a typical low-temperature plasma source, widely usefeul for pollution 
control, surface treatment and combustion enhancement. Developments of optical tools for 
diagnosing chemistry and physics of the gliding arc discharge have been carried out at Division 
of Combustion Physics in Lund University and a number of collaborative projects have been 
performed. 

This discharge system was set up in Lund in collaboration with the plasma group at Risø DTU in 
Denmark. An image of a gliding arc discharge is shown in Figure 8.2.1(a), where the discharge is 
ignited at the narrowest gap between two electrodes and the newly ignited discharge is extended 
upwards by a gas flow. The gas flow is applied through a 3 mm diameter nozzle between the two 
electrodes. Most gliding arc applications utilize that aggressive radicals are formed as the gliding 
arc propagates in free gas or close to surfaces. Gas heating, however, is one of the dominant 
energy loss mechanisms for gliding arc plasmas. The current setup at Combustion Physics in 
Lund is rather effective regarding this issue since the arc can be running at currents below 0.5 A.  

The experimental setup of the gliding arc discharge is shown in Figure 8.2.1(b), where a 35 kHz 
AC high voltage is supplied to the electrodes through a high voltage transformer and a power 
supply (Generator 9030E, SOFTAL Electronic GmbH, Germany). The schematic circuit of the 
power supply is also shown in Figure 8.2.1(b). An electrolytic capacitor is charged by a bridge 
rectifier from an AC main supply (400 V, 50 Hz), achieving approximately 565 V DC output at 
100 Hz. The DC voltage from the electrolytic capacitor is transferred to a 35 kHz AC voltage 
using an electric switch system consisting of two insulated gate bipolar translators (IGBT). 

The current and voltage characteristics of the gliding arc are measured. Such data reveal the 
power consumption as well as detailed information of the current and voltage that can be 
coupled to the dynamic behavior of the gliding arc discharge. Such information is vital when 
optical diagnostic tools are developed and applied. Especially since our work has focused on 
time-dependent imaging as well as laser-based imaging with high temporal selectivity and 
resolution. Over the last three years the gliding arc plasma has served as a measurement object 
for development of novel measurement techniques by employing the resources of combustion 
physics in terms of advanced imaging and laser-based measurement techniques. Simultaneously, 
collaborative work with external plasma experts has made this work useful for the plasma 
community. 
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Figure 8.2.1 (a) A photo of a gliding arc discharge with 1/60 s exposure time; (b) Experimental setup of the gliding arc 
discharge system 

 

Emission photography 

The combination of rapid dynamics and powerful emission makes the gliding arc plasma non 
ideal for analysis through regular photography. Instead intensified CCD cameras, that offer 
acquisition time down the nanosecond range, can be used to capture the true instantaneous 
image of the gliding arc. Images captured with short-gated ICCD camera imaging are shown in 
figure 2. The regular photography in Figure 8.2.1(a) provides an image that is rather close to 
what one experience when observing the plasma with the naked sight while Figure 8.2.2 reveals 
its true instantaneous structure with short exposure time (1 μs).  

 

 

Figure 8.2.2 (a)-(c) Images of the gliding arc discharge recorded by a short-gated ICCD with 1 μs exposure time.  

 

High-speed imaging 

The transient behavior of the gliding arc does not only cause extreme demands on imaging 
equipment but it is also of interest to study the dynamics and follow the gliding arc as it 
propagates in time. Again, traditional video equipment does not provide short enough exposure 
times or fast enough frame rate in order to capture the dynamics of the plasma channel. Both 
these features are of vital importance when the dynamics of the plasma and the plasma gas-flow 
interactions are studied in combination with current and voltage data. Figure 8.2.3 shows images 
of the gliding arc discharge recorded by a high speed camera with a framing speed of 20 kHz and 



 

an exposure time of 16.25 μs, revealing a true instantaneous structure of the plasma column with 
a projected length of 19 cm. The simultaneously recoded current and voltage waveform is 
displayed in Figure 8.2.3. The camera gates a1 ~ a10 is labeled with positive squares, 
corresponding to the plasma column a1 ~ a10 shown in figure 8.2.3. Figure 8.2.4 represents the 
current and voltage waveform in the majority part of the time, where the voltage is in sinusoidal 
waveform with a peak value of 8 kV and has same frequency of 35 kHz as the driving AC power, 
and the current is slightly deformed but still close to a sinusoidal waveform a peak value of 0.2 
A.  

 

 

Figure 8.2.3 Images of the gliding arc discharge captured by a high speed camera with a framing speed of 20 kHz and an 
exposure time of 16.25 μs. 

 

 

Figure 8.2.4 Current and voltage waveforms simultaneously recorded with the images shown in figure 3. The camera gates 
are also labeled with positive squares.  

 

Emission spectroscopy 

The free electrons that are exposed to the strong electric field in the gliding arc channel are being 
accelerated and collide with atoms or molecules within the channel. The products of such 
collisions are for example excited atoms/molecules, ions and formation of radicals. These 
electron-matter interactions result in highly excited molecular/atoms, e.g. OH*, NO*, N2* etc. 
Evidently, since these species were excited from electron collisions, they are not in thermal 
equilibrium with the surrounding gas. They are, however, not in thermal equilibrium with the 
electrons either, due various collision transfer effects and such. Nevertheless, emission spectra 
from the gliding arc channel gives a first approximation of what kind of species that are formed 
as the gliding arc propagates in the surrounding gas. Also, spectral investigations performed at 
different height of the plasma show spectral differences at different plasma conditions since the 
voltage of the plasma is strongly correlated to the length of the gliding arc. Spatially resolved 
emission spectra of the gliding arc are shown in Figure 8.2.5. The spectra were recorded by 
imaging different part of the plasma column to the input fiber tip of the spectrometer and 
averaged over 50 ms. The spectra at two different heights, a and b, are shown at the top of 
Figure 8.2.5. Below the height of 4.5 cm, N2* rotational bands dominate the spectra, while above 



this position OH* rotational bands dominate and decrease at larger heights. NO* emission exists 
at all heights, and the maximum intensity appears at around H = 5 cm. The average optical 
emission spectra of the gliding arc for different flow rates are shown in Figure 6, where spectral 
features of NO γ(A-X), OH (A-X) and N2 (C-B) are presented. The intensities of NO γ(A-X), 
OH (A-X) and N2 (C-B) are found to increase with the rising flow rates.  

 

 

Figure 8.2.5 Average emission spectra of the gliding arc recorded by an ICCD based imaging spectrometer for different 
flow rates. The corresponding NO*, OH* and N2* lines are labeled.  

 

Particle tracking velocimetry (PTV) 

One of the major concerns in studies of gliding arcs is the interaction between the plasma 
column and the surrounding flow field. Special attention has been on the so called slip velocity. 
The slip velocity is defined as the relative velocity between the plasma column and the gas flow, 
and it plays a key role in convection cooling, drag force as well as the electric field strength, 
power per unit length and radius of the conducting zone of the plasma column. Therefore, 3D 
particle tracking velocimetry (PTV) and 3D reconstructions of the plasma column of a gliding 
arc discharge were developed and performed to provide a 3D visualization of the gas flow 
motion and the plasma column movement. The measurement scheme is based on imaging with a 
two high-speed camera setup. Thorough calibration and characterization of the cameras have 
been carried out in order to be able to perform 3D measurements. Particle tracking velocimetry 
was performed by seeding a rather small number of particles (compared to particle imaging 
velocimetry (PIV) or laser Doppler anemometry (LDA)) into the gliding arc setup as the plasma 
channel was filmed by the two high-speed cameras. Particles that are being transported with the 
gas flow in the close vicinity of the gliding arc reflect the plasma emission to the detector and are 
thereby detected by the two cameras. Thereafter, a mathematical model, based on discrete 
tomography1, is applied to calculate the movement of the particles and the gliding arc. Typical 
results from such measurements are displayed in figure 8.2.6 where a typical camera image pair 
of the gliding arc discharge simultaneously recorded by the two high-speed cameras is shown. 
The particles highlighted by a red square and circle are illuminated by the plasma emission, and 
therefore can be simultaneously tracked. Figure 8.2.7 shows the reconstructed 3D plasma 
column together with 7 particles observed for 27 frames in a 4 ms time interval; the colors 
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indicate the time evolution. 3D PTV and 3D reconstructions of the plasma column of a gliding 
arc discharge were performed, providing 3D measurements of the gas flow motion and the 
column movement. This 3D technique, in comparison to 2D methods, allowed a more accurate 
3D determination of the slip velocity and the length of the plasma column. The magnitude of the 
3D slip velocity is 2-8 m/s, while 2D methods may underestimate by up to 80%. The 3D length 
of the plasma column can likewise be 25% larger than the 2D length. Moreover, the 3D 
measurements of the slip velocity and the length of the plasma column yield more accurate 
estimates of the drag force, the electrical field strength, the power per unit length and the radius 
of the plasma column conducting zone, and provide a better understanding for the convection 
cooling. 

 

Figure 8.2.6 An image pair of the gliding arc discharge 
simultaneously recorded by the two high-speed cameras. In 
this image, two typical seeding particles illuminated by the 
bright plasma column are highlighted by a red square and 
circle located on the right hand-side part of the plasma 
column. 

 

 

 

Figure 8.2.7. 3D plasma column and particle 
reconstruction. Trajectories of seven seeding particles 
are marked (P1 to P7). The colors indicate the time 
evolution from 0 to 4 ms. 

 

 

Rayleigh temperature measurements 

The plasma research that we are conducting at combustion physics aims at chemical treatment. A 
plasma source that is suited for chemical treatment spends minimal energy for gas heating. Such 
plasmas are called non-thermal plasmas, since the gas temperature is much lower than the 
temperature of the free electrons, which can have a temperature on the order of 10000 K. Gas 



temperature measurements were conducted on the gliding arc setup measuring gas temperatures 
of around 1100K around the plasma channel. The width of the gas channel that surrounds the 
gliding arc is approximately 5 mm. Figure 8.2.8(a) and (b) shows Rayleigh scattering images and 
two-dimensional temperature images, respectively, of the gliding arc in vertical direction. One 
can see the volume of hot region heated by the plasma from these images, especially in this case 
where the laser sheet cross the hot line of the discharge volume. A plasma column is identified 
from both the Rayleigh image and the temperature image. The gas around the plasma column is 
hot, and the gas temperature, namely translational temperature, is calculated by comparing the 
Rayleigh scattering signal of a gliding arc with that of air at room temperature. It is reasonable to 
neglect the scattering signal from electrons and other excited species since the gliding arc is 
weakly ionized and Rayleigh signal from the air is dominating. As shown in figure 8.2.8(b), 
translational temperatures of the gas around a gliding arc are indicated by the color bar. The 
temperature is about 1300 K along the plasma column. It is noted that the temperature in the 
plasma column is severely under-predicted due to the plasma emission recorded by the 1 μs 
acquisition time. Figure 8.2.9(b) and (c) respectively shows Rayleigh scattering images and two-
dimensional temperature images in horizontal direction at a height of 78 mm. In figure 8.2.9(c), 
two high-temperature areas can be seen, which correspond the two parts of the plasma column 
shown in the view field marked in figure 8.2.3(a). The average temperature in the labeled circle is 
about 1100 K. Note that the temperature uncertainty is about 200 K. This is due to the 
fluctuation of laser energy, instability of gliding arc, Mie scattering interference and background 
subtraction. 

 

Figure 8.2.8 Translational temperature of a gliding arc in vertical direction where plasma emission is captured with 1 μs 
acquisition time; (a) Rayleigh scattering signal; (b) temperature image 

 

 

Figure 8.2.9. Translational temperature of a gliding arc in horizontal direction at a height of 78 cm; (a) relative position 
between the gliding arc and the laser sheet (b) Rayleigh scattering signal at 30 ns; (c) temperature image (the average 
temperature in the labeled circle is about 1100 K). 



 

Planar laser- induced fluorescence studies 

As stated above, the main use of the gliding arc is for chemical treatment and therefore it is of 
great interest to study a number of active species that are formed in these chemical processes. 
Planar laser-induced fluorescence (PLIF) techniques can be applied to detect radicals in the 
ground-state that cannot be measured through optical emission spectroscopy. Measurements 
have so far been conducted on hydroxyl radicals (OH) but there are a number of other species 
that are of interest to measure. Figure 11 presents both average and single-shot PLIF images of 
ground-state OH recorded at different air flow rates. The average images in the left panel are 
obtained by averaging 500 PLIF images for each case. The exposure time of the ICCD camera 
was set to 30 ns to suppress the gliding arc emission. The average ground-state OH signal is 
stronger at the top of one of the electrodes. The asymmetric intensity in the average images is 
most likely a 3D effect caused by slight asymmetry in the propagation of the plasma column 
driven by the turbulent jet flow above the two electrodes as indicated in the single shot images in 
figure 8.2.10. The single-shot OH-PLIF images in figure 8.2.10 show a hollow structure of the 
distributions of ground-state OH radicals locating around the hot plasma column. Figure 8.2.11 
shows three typical frames of single-shot OH-PLIF distributions and arc emission at flow rate of 
17.5 SLM and 42 SLM, respectively. An exposure time of 2 μs was used in order to 
simultaneously record OH distributions and arc emission. The conductive plasma column, 
illustrated as a bright string in figure 8.2.11, is a 3-dimensional thin wrinkling channel that is 
connecting the two electrodes. The 100 µm thick laser sheet crossed the plasma column 
vertically and illuminated only part of the plasma column, from where OH distributions in the 
thin cross-section being illustrated in the collected PLIF images. However, the simultaneously 
recorded bright string of the hot core was the projection of the whole plasma column. From the 
simultaneously recorded plasma emission and the OH PLIF, one can see the OH distribution 
around the hot discharge core in shape of a hollow tube. The thickness of discharge emission is 
about 1 mm. The discharge emission primarily comes from spontaneous emission of excited OH 
and N2. The ground state OH distributed as a tube around the conductive filament is much 
thicker than the excited OH signal from the plasma channel. The ground state OH thickness at 
17.5 SLM is up to 0.9 cm while the OH thickness at 42 SLM is around 0.3 cm.  

 

Figure 8.2.10 Average and single-shot OH-PLIF spatial distributions in the gliding arc at different air flow rates (a) 14 
SLM; (b) 17.5 SLM. The left panel display average images while single-shot images are shown in the right panel. The 
single-shot images are obtained using an exposure time of 30 ns.  



 

Figure 8.2.11 Three typical single-shot OH-PLIF images obtained using an exposure time of 2 μs, showing the OH 
distributions and arc emission at two flow rates (a) 17.5 SLM, (b) 42 SLM. The typical thickness of the OH distribution 
is labeled in the images with unit of centimeters. 

 

Studies of physical properties of gliding arc plasmas 

Optical techniques built in Lund, e.g. high-speed photography, spatially and temporally resolved 
emission spectroscopy, planar laser-induced fluorescence, have been successfully applied to 
diagnosing the gliding arc discharge for better understanding of physical properties 1234 . The 
research so far involved how gliding arcs are affected by gas flow rates2. This work concluded 
that there is an optimal flow rate that provides a nonthermal plasma that has a large effective 
volume for gas treatment. The PTV measurements also revealed that parameters such as 
electrical field strength and the radius of plasma column conducting zone are overestimated 
while the slip speed may be underestimated if traditional 2D methods are used. These results 
give  new insight into the convection cooling process and the drag force1. The Rayleigh 
temperature measurements made it possible to measure the actual gas temperature in two 
dimensions, which showed that the gliding arc setup in Lund has good nonthermal properties. 
These temperature data, in combination with I/V-characteristics also made it possible to 
estimate the free electron temperature in the plasmas channel. Further, these electrical properties 
have been characterized for the actual setup that we have in Lund and it shows that this setup is 
rather unique since the plasma channel is driven by a low current and therefore spends a rather 
low amount of energy on gas heating. In addition to these gas phase measurements high speed 
imaging has provided new insight on the plasma-wall interaction in surface treatment 
measurements. 
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